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ZUSAMMENFASSUNG 
 
Die Photorespiration von C3-Pflanzen führt neben dem Verlust an ATP und 
Reduktionsäquivalenten dazu, dass ~25% des zuvor in der Photosynthese fixierten 
Kohlenstoffs wieder verloren gehen. In der hier vorliegenden Arbeit wird ein alternativer 
Stoffwechselweg in den Chloroplasten von Tabakpflanzen (Nicotiana tabacum) etabliert. 
Mittels dieses Stoffwechselweges soll eine Steigerung der Refixierung von CO2 innerhalb der 
Chloroplasten erfolgen und somit die Photorespiration von C3-Pflanzen reduziert werden. Der 
hier beschriebene Stoffwechselweg basiert auf der Umsetzung von Glycolat, welches 
während der Photorespiration gebildet wird, zu Glycerat. Für diese Umwandlung sind in E. 
coli die Aktivitäten dreier Enzyme notwendig: Glycolatdehydrogenase (GDH), 
Glyoxylatcarboligase (GCL) und Tartronatsemialdehydreductase (TSR). In der vorliegenden 
Arbeit wurden jedoch nur die GCL und TSR aus E. coli verwendet, während die GDH aus 
Arabidopsis thaliana stammt. Transgene Tabakpflanzen mit den notwendigen Genen wurden 
hergestellt. Das Expressionsniveau der entsprechenden Gene wurde mittels RT-PCR 
überprüft. Darüber hinaus wurde die Proteinaktivität mittels Aktivitätstests sichergestellt.   
 
Um den Einfluss des integrierten Stoffwechselweges zu untersuchen, wurden verschiedene 
physiologische, biochemische und photosynthetische Messungen durchgeführt. Diese 
Messungen wurden sowohl unter ambienten, als auch unter photorespiratorischen 
Bedingungen durchgeführt. Für transgene AtGDH Pflanzen konnte mittels der Messung des 
„post illumination burst“ (PIB) eine Reduktion der Photorespiration gezeigt werden. Diese 
Reduktion ist weiter gesteigert, wenn alle Transgene in einer Pflanze exprimiert werden. 
Neben dem reduzierten PIB  konnte eine Reduktion des CO2-Kompensationspunktes (Γ) und 
eine Erhöhung der CO2-Assimilation unter photorespiratorischen Bedingungen festgestellt 
werden. Darüber hinaus zeigen die Blätter der transgenen Pflanzen einen erhöhten Anteil an 
Glucose und Fructose, welche Endprodukte der Photosynthese sind. Anhand des Frisch- und 
Trockengewichts der Blätter kann auf eine erhöhte Produktivität der Pflanzen geschlossen 
werden. Viele dieser Effekte findet man auch in den Pflanzen, in denen nur die 
Glycolatdehydrogenase in den Chloroplasten exprimiert wird. Anhand dieser Daten kann 
geschlussfolgert werden, dass die Etablierung dieses Stoffwechselweges zu einer Reduktion 
der Photorespiration und einer Verbesserung des Wachstums führt. 
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SUMMARY 
 
The photorespiratory pathway in C3 plants consumes not only ATP and reducing equivalents 
but also results in loss of ~ 25% carbon that has been fixed during the process of 
photosynthesis. In the present study, an alternative biochemical pathway for the metabolism 
of glycolate was established in the chloroplasts of tobacco (Nicotiana tabacum) plants. The 
new pathway aims at increasing the refixation of CO2 inside the chloroplasts and thereby at 
suppressing photorespiration in C3 plants. The pathway is derived from E. coli and converts 
the glycolate formed during photorespiration into glycerate. Three enzymatic activities are 
required: glycolate dehydrogenase (GDH), glyoxylate carboligase (GCL), and tartronic 
semialdehyde reductase (TSR). Instead of E. coli GDH, the glycolate dehydrogenase from 
Arabidopsis thaliana (AtGDH) was used. Transgenic N. tabacum plants containing the 
necessary genes were generated. The expression level of the transgenes was analyzed by RT-
PCR and the respective enzymatic activity assays showed that the proteins are active in 
planta.  
 
Various physiological, biochemical and photosynthetic measurements were performed under 
ambient and enhanced photorespiratory conditions to evaluate the impact of the established 
pathway in planta. By measuring the postillumination burst (PIB), a clear reduction in 
photorespiration was determined in plants transgenic for AtGDH. A further reduction of the 
photorespiratory flow was observed when all the transgenes were expressed in one plant 
(GTA). Additionally, the establishment of the bacterial glycolate pathway in plant 
chloroplasts results in a decrease of the CO2 compensation point (Г). The CO2 assimilation 
rates in transgenic plants were enhanced under photorespiratory conditions. Moreover, leaves 
of transgenic plants expressing the glycolate pathway showed higher glucose and fructose, 
end products of photosynthesis. Leaf fresh and dry weight measurements revealed that total 
plant productivity might be enhanced. Most of the above described effects were also observed 
in plants that overexpressed glycolate dehydrogenase alone. It can be concluded that 
expression of the bacterial glycolate pathway in C3 plant chloroplasts results in a reduction of 
photorespiration and an enhancement of plant growth.  
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1 INTRODUCTION 
  
1.1 Photosynthesis 
 
Photosynthesis is an important biochemical process in which plants, algae and some bacteria 
convert the energy of sunlight into chemical energy. The light energy is used to produce 
simple sugars, which are then converted to glucose, the major food molecule of the cell. 
Photosynthesis can be represented in simple equation as 
 
 
During the process of photosynthesis, plants capture CO2 and release oxygen into the 
atmosphere, which is the main source of atmospheric oxygen. The oxygen released is of great 
importance because of its use by both plants and animals in aerobic respiration. 
Photosynthesis is carried out by higher plants and algae, as well as by cyanobacteria and their 
relatives, which are responsible for a major part of photosynthesis in oceans. All these 
organisms convert CO2 to organic material by reducing CO2 to carbohydrates in a complex set 
of reactions. Electrons for this reduction reaction ultimately come from water in case of plants 
(Hill Reaction). Plastids might be derived from cyanobacterium by the process of 
endosymbiosis. The plastid genome that encodes many genes shows a close phylogenetic 
relationship to the cyanobacteria.  
 
Chloroplasts are the major photosynthetic cell organelles found in green algae and plants. 
Chloroplasts are generally hemispherical or lens-shaped. Chloroplasts are surrounded by a 
double membrane envelop and they differ in composition, structure and transport functions. 
The outer membrane freely permits water, ions and metabolites of 10 kDa in size to diffuse 
into the inter membrane space, the aqueous compartment between the compartments. The 
inner envelop membrane is permeable to uncharged molecules including O2 and NH3. Most of 
the metabolites need specific transporters to cross the inner membrane (Buchanan). Inside the 
chloroplast is a complicated membrane system, known as the photosynthetic membrane (or 
thylakoid membrane), that contains most of the proteins required for the light reactions. The 
proteins required for the fixation and reductions of CO2 are located in the surrounding 
aqueous phase, stroma. The energy required for the photosynthetic process is provided by 
sunlight, which is absorbed by pigments (primarily chlorophylls and carotenoids). 
Chlorophyll pigments (chl.a and chl. b) absorb blue and red light and carotenoids absorb blue-
green light, but green and yellow light are not effectively absorbed by photosynthetic 
OHOOHClightOHCO 22612622 66126 ++→++
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pigments in plants; therefore, light of these colors is either reflected by leaves or passes 
through the leaves.  
 
The photosynthetic process mainly involves two reactions, the light and the dark reactions. 
The light reaction occurs in the thylakoid membrane and converts light energy to chemical 
energy. The chlorophylls and carotenoids are grouped in cluster of pigment molecules known 
as photosystems. Light is harvested by antenna pigments of photosystems I and II and the 
absorbed energy is transferred to the reaction center, P680 in PSII and P700 in PSI. Activation 
of photo systems leads to excitation of electrons. The excited electrons are then transferred to 
the Electron Transport Chain (ETC) located in the thylakoid membrane of chloroplasts. ETC 
is made up of proteins that will be oxidized and reduced as they transfer the electrons from a 
higher potential energy to a lower potential energy and is coupled to the synthesis of ATP and 
NADPH. These products are further used for formation of sugars in the dark reaction. 
 
For higher plants, three biochemical pathways - C3 pathway (Calvin cycle), C4 pathway 
(Hatch-Slack pathway) and the Crassulacean Acid Metabolism (CAM) - are involved in the 
dark reactions CO2 assimilation. 
 
1.1.1 C3 Cycle 
 
More than 95% of  terrestrial plants, including many important crops such as rice, wheat, 
soybean, and potato are classified as C3 plants that assimilate atmospheric CO2 directly 
through the C3 photosynthetic pathway (Ku et al., 1996). Figure 1.1 represents the CO2 
assimilation pathway in C3 plants. 
 
Calvin cycle involves three major steps, carboxylation, reduction and regeneration of RuBP 
(Heldt, 1997). In the first step, Ribulose bisphosphate carboxylase/oxygenase (Rubisco, EC 
4.1.1.39) catalyses carboxylation of a five-carbon compound, ribulose bisphosphate (RuBP) 
producing an unstable six-carbon intermediate that immediately breaks down into two 
molecules of the three-carbon compound phosphoglycerate (PGA), hence the name C3 
photosynthesis. In the second step, ATP and the NADPH produced during the light reaction 
are used to convert PGA to glyceraldehyde-3-phosphate (G3P), another three-carbon 
compound. The G3P is used either to form carbohydrates and sugars or to regenerate the 
ribulose-1,5-bisphosphate for the continuity of calvin cycle. In case of carbohydrate synthesis, 
the glyceraldehydes-3-phosphate molecules are converted to dihydroxyacetone phosphate 
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(DHAP) in the presence of triose phosphate isomerase. G3P and DHAP are combined by 
aldolase to form fructose-1,6-bispshophate which is then converted into fructose-6-phosphate. 
From fructose-6-phosphate, different carbohydrates are synthesized. Hexose isomerase 
converts about half of the fructose-6-phosphate into glucose 6-phosphate that is then 
dephosphorylated to produce glucose.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Schematic representation of the Calvin cycle. 
The carboxylation reaction of Rubisco yields two molecules of 3-phosphoglycerate. This 3-
phosphoglycerate is fixed and recycled to RuBP in a series of reactions that is known as the Calvin 
cycle. Fixation of six molecule of CO2 requires twelve molecules of NADPH and eighteen molecules 
of ATP. The Calvin cycle can be subdivided into three sections: (1) In chloroplasts, CO2 condenses 
with ribulose-1,5-bisphosphate (RuBP) to form two molecules of the C3 compound, 3-
phosphoglycerate (3-PGA); (2) 3-PGA is then reduced to triose phosphate by consuming ATP and 
NADPH that have been produced during the light reaction; (3) The triose phosphate is then either 
utilized to regenerate ribulose-1,5-bisphosphate and to synthesize starch within chloroplasts or is 
transported into the cytosol for sucrose biosynthesis. (This figure has been taken from the Web site: 
http://library.thinkquest.org/C004535/media/calvin_cycle.gif). 
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In the third step, regeneration of ribulose-1,5-bisphosphate occurs which is essential for the 
continuity of the photosynthetic process. The previously formed fructose-6-phosphate and 
most of the glyceraldehyde-3-phosphate are used in a series of reactions to regenerate the 
ribulose-1,5-bisphosphate (RuBP), the starting compound for the Calvin cycle. The sum of 
reactions in the Calvin cycle can be represented as 
 
iPADPNADPOHOHCATPHNADPHCO 18181261812126 261262 ++++→+++ ++  
 
1.1.2 C4 photosynthesis 
 
C4 plants are the second most prevalent photosynthetic type. On a global basis, C4 plants 
account for approximately 18% of the total global productivity, which is largely due to the 
high productivity of C4 monocots in grasslands. C4 and CAM plants have evolved a 
mechanism to improve photosynthetic efficiency and decrease water loss in hot and dry 
environments. The enhancement of photosynthetic performance comes from the ability of C4 
and CAM plants to concentrate CO2 in the vicinity of Rubisco.  
 
In C4 plants, CO2 fixation enhancement is due to the co-ordination of two photosynthetic cell 
types, namely Mesophyll Cells (MC) and Bundle Sheath Cells (BSC). These two cell types 
are arranged in layers concentrically around the vascular tissue, the bundle sheath cells 
constituting the inner layer and the mesophyll cells forming the outer layer and this type of 
arrangement of cells is known as Kranz anatomy (Hatch, 1992). The bundle sheath cells have 
thickened walls and prominent starch-filled chloroplasts while mesophyll cells have thinner 
walls and smaller chloroplasts and both types of cells are connected by plasmodesmata. C4 
plants have been divided into three subgroups based on differences in the enzymes of the 
decarboxylation step in BSC (Kanai and Edwards, 1999). These are the NADP-malic enzyme 
(NADP-ME) in the chloroplasts, NAD-malic enzyme (NAD-ME) in the mitochondria, and 
PEP carboxykinase (PEP-CK) predominantly in cytosol types.  
 
Figure 1.2 represents the NADP-ME type of C4 photosynthesis. Common to all C4 plants, the 
initial carbon fixation begins in mesophyll cells where PEP carboxylase catalyses 
carboxylation of PEP leads to formation of four carbon dicarboxylic acid, OAA. The substrate 
for this enzyme is not CO2 but HCO3-. The CO2 enters the mesophyll cells, converted to 
HCO3- by carbonic anhydrase enzyme. The subsequent metabolism of OAA differs among the 
species. OAA is reduced to malate or transaminated to aspartate in mesophyll cells, which is 
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then transported to bundle sheath cells. The malate or aspartate is decarboxylated in bundle 
sheath cells and produce pyruvate releasing CO2. The released CO2 is refixed efficiently by 
Rubisco located in bundle sheath cells. The resulted pyruvate is transported back to the 
mesophyll cells for the regeneration of PEP by pyruvate orthophosphate dikinase (PPDK).  
 
mesophyll bundle sheath 
CO2 
NADPH+ 
ATP 
chloroplast chloroplast CO2 
HCO3- 
OAA OAA malate
RuBP 
PYRPYRPEP PEP 
Pi 
AMP 
NADP+ 
CO2 NADPH+ 
NADP+ 
Calvin 
Cycle 
PPDK 
PEPC 
MDH 
CA 
ME 
malate
 
 
 
Figure 1.2 Schematic representation of the NADP-ME type of C4 photosynthesis.  
The CO2 enters into the MC cytosol where it is converted into HCO3-. The HCO3- reacts with PEP to 
form oxaloacetate that diffuses into the MC chloroplast. In the MC chloroplast, the OAA is converted 
into malate. The malate diffuses into the chloroplast of the BSC where it is decarboxylated to form 
pyruvate and CO2 is released. The pyruvate diffuses back to the MC chloroplast where it is converted 
into phosphoenolpyruvate and starts a new cycle of CO2 fixation. The released CO2 in the BSC 
chloroplast is used for the carbohydrate synthesis by Calvin cycle. CA: carbonic anhydrase, PEPC: 
phosphoenolpyruvate carboxylase, OAA: oxaloacetate, MDH: malate dehydrogenase, ME: malic 
enzyme, PPDK: pyruvate orthophosphate dikinase. 
 
1.1.3 The Crassulacean Acid Metabolism (CAM)  
 
The CAM photosynthesis was found in many desert plants (cacti, in hot, arid environment). 
The initial CO2 fixation is similar to C4 plants with PEPC, which uses HCO3- as a substrate. 
However, instead of separating the two CO2 fixation events spatially in bundle sheath and 
mesophyll cells, CAM plants utilize temporal separation (Cushman and Bohnert, 1997). CO2 
is fixed by PEPC during night forming oxaloacetate, which is subsequently converted to 
malate. The malate produced is stored in vacuoles where it can reach to very high 
concentrations. During the daytime malate is transported out of the vacuole and 
decarboxylated to produce pyruvate and CO2. The CO2 released during the decarboxylation 
step refixed by Rubisco in the conventional Calvin cycle. The formed pyruvate is then 
INTRODUCTION  6 
 
 
 
transported from the cytosol into chloroplast where it is converted to PEP by the enzyme 
pyruvate orthophosphate dikinase (PPDK). The PEP is further converted into 3-PGA that will 
be used also for the synthesis of carbohydrates. Therefore, CAM, a variation of C4 
photosynthesis allows the plant to conserve water while carrying out photosynthesis. 
 
1.1.4 Single cell C4 photosynthesis 
 
The functioning of C4 type of photosynthesis depends on strict compartmentation of C4 and C3 
cycle enzymes in two types of photosynthetic cells, mesophyll and bundle sheath cells. This 
will prevent futile CO2 cycling and leakage (Edwards et al., 2004). However, C4 
photosynthesis can also occur within a single photosynthetic cell. Borszczowia aralocaspica, a 
terrestrial Chenopod shows C4 photosynthetic features, but lacks Kranz anatomy 
(Voznesenskaya et al., 2002). Borszczowia shows an elongated chlorenchyma cell with the 
distal part showing a large intercellular space where atmospheric CO2 is fixed by C4 cycle. 
The C4 acids malate or aspartate is diffused to proximal part of cell and decarboxylated in 
mitochondria (NAD-ME type). The released CO2 is captured by Rubisco that is localized 
exclusively in the chloroplasts surrounding the mitochondria at the proximal part of the cell. 
The aquatic submerged monocot Hydrilla verticillata (L.f.) Royle is a facultative C4 plant  
lacking Kranz anatomy and shows NADP-ME type C4 photosynthesis (Reiskind and Bowes, 
1991). When CO2 is abundant H.verticillata exhibits C3 photosynthetic characteristics (van 
Ginkel et al., 2001) and C4 system is induced when the plants are exposed to low CO2 .The C4 
and C3 cycles co-exist in the same cell, in the cytoplasm and chloroplasts respectively. The 
aquatic submerged Hydrilla developed a CO2 concentrating mechanism (CCM) and convert 
CO2 to HCO3- by carbonic anhydrase and the initial CO2 fixation is catalyzed by 
phosphoenolpyruvate carboxylase (PEPC). The activities of C4 cycle key enzymes, including 
PEPC, NADP-ME, PPDK, NADP-MDH and CA are increased in leaves during induction of 
the C4 pathway (Magnin et al., 1997). Recently, it was shown that C4 responsive genes, two 
isoforms of PPDK and aminotransferase levels were increased when C4 system is induced in 
H.verticellata (Rao et al., 2006). So, the discovery of this single-cell C4 photosynthetic 
mechanism in Hydrilla verticillata (Bowes, 2002), Borszczowia aralocaspica  
(Voznesenskaya et al., 2001; Freitag and Stichler, 2002) has shown that Kranz anatomy may 
not be essential for C4  photosynthesis.  
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1.2 Photorespiration 
 
Rubisco (Ribulose-1,5-bisphosphate carboxylase/oxygenase) is a key enzyme that fixes CO2 
in the chloroplasts of photosynthetic organisms by its carboxylase activity. In addition to 
carboxylation Rubisco can also fix O2 (Bowes et al., 1971). CO2 and O2 compete with each 
other at the active site of Rubisco. Rubisco favors CO2 over O2 by a factor of up to 100, but 
the concentration of O2 in the atmosphere is much higher than that of CO2. As a result, one 
molecule of O2 is fixed by Rubisco for every three molecules of CO2. When O2 is substituted 
instead of CO2 at the active site of Rubisco, one molecule of phosphoglycerate and one 
molecule of phosphoglycolate, a toxic product is formed. Plants can metabolize the 
phosphoglycolate through the process of photorespiration. Therefore, the glycolate 
metabolism is associated with photorespiration. This requires energy and causes loss of 
reduced carbon as CO2.  Photorespiration results in the loss of at least 25% of assimilated 
carbon during photosynthesis. C4 and CAM plants have developed a strategy to overcome 
photorespiration by increasing CO2 concentration in the vicinity of Rubisco and thus 
inhibiting oxygenase activity of Rubisco (1.1.2 and 1.1.3). Thus photorespiration inhibits 
photosynthesis at three steps. First, oxygenation interferes with carboxylation at the site of 
Rubisco. Second, it uses the energy that could be otherwise used for photosynthetic carbon 
reduction. Third, it causes release of CO2 from previously fixed carbon (Sharkey, 2001). So 
photorespiration reduces efficiency of photosynthesis in most plants, especially in C3 crop 
plants. 
 
1.2.1 Photorespiratory pathway in C3 plants 
 
Photorespiratory pathway in C3 plants proceeds in three different organelles, chloroplasts, 
peroxisomes and mitochondria. Figure1.3 represents the photorespiratory pathway associated 
with glycolate metabolism in C3 plants. The reaction begins in the chloroplast with 
oxygenation of Ribulose-1,5-bisphosphate to produce phosphoglycolate. The 
phosphoglycolate is then dephosphorylated to glycolate by phosphoglycolate phosphatase 
present in the chloroplasts. Glycolate, the first stable product of photorespiration is 
transported out of chloroplasts (Howitz and McCarty, 1983), enters cytoplasm and diffuses 
into peroxisomes.  
 
In peroxisomes, glycolate is oxidized to glyoxylate by glycolate oxidase (EC 1.1.3.15). This 
enzyme uses inorganic oxygen as electron acceptor and H2O2 formed is hydrolyzed to H2O 
and O2 by a catalase present in peroxisomes (Tolbert, 1997). The glyoxylate formed is then 
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transaminated to glycine. Two aminotransferases are directly involved in the photorespiratory 
pathway within the peroxisomes. Glutamate:glyoxylate aminotransferase (GGAT) catalyses 
the transfer of an amino group from glutamate to glyoxylate, on the other hand, the enzyme 
serine:glyoxylate aminotransferase (SGAT) catalyses the transamination of glyoxylate by 
serine (peroxisomes in Figure 1.3).  
 
ru-1,5-BP 
P-glycerate 
P-glycolate glycolateO2 
chloroplast 
peroxisome mitochondrium 
glycerate 
ATP 
ADP 
glycolate
glyoxylate glycine glycine
serineserineOH-pyruvate
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CO2 
NAD NADH 
O2
H2O2
NAD
NADH
H2O+½O2 
NH3 
NH3 
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glutamate
ketoglutarate
ATP 
ADP FdredFdox
oxygenas
 
 
 
Figure 1.3 Schematic representation of Photorespiratory pathway in C3 plants 
Rubisco, the key enzyme of CO2 fixation in plants possesses two activities: oxygenation and 
carboxylation. The oxygenation reactions of Rubisco produce one molecule of phosphoglycerate and 
one molecule of phosphoglycolate. Phosphoglycerate enters into the Calvin cycle whereas 
phosphoglycolate needs to be converted into phosphoglycerate. Two molecules of phosphoglycolate 
convert into one molecule of phosphoglycerate in a series of reactions that occurs in three separate sub 
cellular organelles: chloroplasts, peroxisomes and mitochondria. During this conversion, CO2 and NH3 
are released in the mitochondria. Released NH3 is refixed by the plastidal glutamine-glutamate cycle 
whereas CO2 is lost to the atmosphere. RUBISCO = ribulose-1,5-bisphosphate carboxylase/oxygenase; 
PGP = phosphoglycolate phosphatase; GOX = oxygen-dependent glycolate oxidase; CAT = catalase; 
GGAT = glyoxylate:glutamate aminotransferase; GOGAT = glutamate:glyoxylate aminotransferase; 
GS = glutamine synthetase; SGAT = serine: glutamate aminotransferase; HPR = hydroxypyruvate 
reductase and GK = glycerate kinase. 
 
Glycine leaves the peroxisomes and is transported into the mitochondria. Inside the 
mitochondria, two glycine molecules produce each one molecule of CO2, NH3 and serine by 
glycine decarboxylase complex that is made up from many proteins including a serine 
hydroxymethyl transferase (Oliver, 1981). The CO2 released in the mitochondria during 
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photorespiration results in 25% loss of the carbon fixed during photosynthesis (Mitochondria 
in Figure 1.3). Nitrogen is a very important nutrient for the plants and often it is a limiting 
factor for plant growth. So, the ammonia liberated in the matrix of mitochondria diffuses 
rapidly into the chloroplasts, and is refixed by glutamine synthetase (GS) catalyzing the ATP-
dependent conversion of glutamate to glutamine. 
 
The serine formed in the mitochondria is exported to peroxisomes. In peroxisomes, serine 
takes part in the transamination of glyoxylate catalyzed by the enzyme serine: glyoxylate 
aminotransferase (SGAT) leading to the production of glycine and hydroxypyruvate 
(peroxisomes in Figure 1.3). Glycine leaves the peroxisomes and enters into the mitochondria, 
whereas hydroxypyruvate is reduced to glycerate by hydroxypyruvate reductase (HPR) and 
imported to the chloroplasts. In the chloroplast, glycerate is phosphorylated by glycerate 
kinase (GK) to form 3-phosphoglycerate that reenters into the Calvin cycle to be used in the 
biosynthesis of carbohydrates and in the regeneration of RuBP. 
 
1.2.2 Glycolate metabolism in algae 
 
The glycolate metabolism in algae has been less investigated compared to that of higher 
plants. All green plants are probably evolved from ancestral flagellates. These flagellates 
developed into two distinct lineages, the chlorophycean and charophycean lines. Land plants 
are the most developed organisms found only in charophyta. Therefore, charophycean algae 
are considered as ancestors of land plants. Charophycean algae contain microbodies of leaf 
peroxisomal type with glycolate oxidase (GO) as the key enzyme (Frederick et al., 1973). In 
contrast, chlorophycean algae have no leaf type peroxisomes. Their glycolate oxidizing 
enzyme is a dehydrogenase (GDH), transferring electrons to redox system of mitochondrial 
respiratory chain (Nelson and Tolbert, 1970). All enzymes of the glycolate metabolism in 
chlorophyta are located in mitochondria. Therefore, peroxisomal glycolate oxidases 
(charophycean algae, higher plants and animals) differ in many aspects from mitochondrial 
glycolate dehydrogenases (chlorophycean algae and bacteria). The properties of glycolate 
oxdiases and glycolate dehydrogenases are listed in Table 1.1. The glycolate oxidases use O2 
as an electron acceptor, produce H2O2, oxidize L (+)-lactate as an alternative substrate and are 
cyanide insensitive. In contrast, glycolate dehydrogenase uses an organic compound as an 
electron acceptor, oxidizes D (-)-lactate and is cyanide sensitive. Moreover, the algal and 
bacterial dehydrogenases do not produce H2O2.  
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Table 1.1 Properties of Glycolate Oxidase and Glycolate Dehydrogenases 
Shown are the properties of peroxisomal Glycolate Oxidase (GO) and mitochondrial Glycolate 
Dehydrogenases (GDH). + and – represents the use of D-lactate or L-Lactate as a substrate by GO and 
GDH. KCN = Potassium Cyanide. 
 
 Glycolate oxidase (GO) Glycolate dehydrogenase (GDH) 
Cofactors O2 Organic compounds 
D-Lactate - + 
L-Lactate + - 
Localization Peroxisomes Mitochondria 
KCN Sensitivity - + 
 
The green algae Mougeotia scalaris is ancestor of land plants in the evolutionary line of 
charophyta and Eremosphaera viridis is a representative of chlorophyta. As described before, 
the oxygenase reaction of Rubisco leads to formation of 3-Phosphoglycerate and 2-
phosphoglycolate in chloroplasts. The 2-phosphoglycolate is converted to glycolate by 
phosphoglycolate phosphatase located in chloroplasts. The glycolate is transported out of 
chloroplasts by transporter, enters cytoplasm where it is metabolized or excreted out via 
plasmalemma when the rate of glycolate synthesis exceeds the metabolism. High light 
intensity and reducing CO2 concentration stimulate the glycolate excretion due to the increase 
of PGP activity (Stabenau and Winkler, 2005). 
 
The glycolate oxidation occurs in different cellular compartments, peroxisomes in charophyta 
(Mougeotia) resembling the higher plant photorespiratory pathway (Figure1.3) and 
mitochondria in chlorophyta. The details of the glycolate oxidation in mitochondria of 
chlorophyta are described in Figure1.4. In chlorophyta as leaf type peroxisomes were absent, 
glycolate oxidation takes place by glycolate dehydrogenase, transferring electrons from 
glycolate to the redox system of the respiratory chain rather than oxygen. Due to the electron 
transport via the respiratory chain, ATP is produced. Therefore, ATP is formed during 
oxidation of glycolate in Eremopsphaera mitochondria. Further conversion of glyoxylate to 
glycerate takes place via glycine, serine and hydroxypyruvate similar to the glycolate 
metabolism in peroxisomes of higher plants. 
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Figure 1.4 Schematic representation of glycolate metabolism in chlorophycean algae 
Rubisco is the bifunctional enzyme that catalyses both carboxylation and oxygenation reactions. 2-
Pshophoglycolate is produced by oxygenase reaction Rubisco is dephosphorylated to glycolate by 
PGP. Further metabolism of glycolate occurs in mitochondria unlike C3 plant. Peroxisomes are absent 
and glycolate oxidation takes place by glycolate dehydrogenase located in the mitochondria. ATP is 
produced during the metabolism of glycolate in mitochondria. Glyoxylate, glycine, serine, 
hydroxypyruvate and glycerate are produced in mitochondria. The glycerate produced in mitochondria 
enters the chloroplasts. RUBISCO = ribulose-1,5-bisphosphate carboxylase/oxygenase; PGP = 
phosphoglycolate phosphatase; GDH = Glycolate dehydrogenase GGAT = glyoxylate:glutamate 
aminotransferase; SGAT = serine:glutamate aminotransferase; GDC = Glycine decarboxylase; HPR = 
hydroxypyruvate reductase; GK = glycerate kinase. 
 
The above described differences of glycolate metabolism in chlorophycean and charophycean 
algae are explained in the following Table 1.2. Moreover, chlorophycean algae have low 
capacity to metabolize the glycolate and therefore developed a carbon concentrating 
mechanism to reduce the loss of carbon and energy by glycolate excretion. Thus glycolate 
synthesis can be reduced and adjusted to mitochondrial glycolate metabolism of less capacity 
by increasing CO2 availability in the chloroplasts of these algae.  
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Table 1.2  Glycolate metabolism in chlorophycean and charophycean algae. 
Shown are the differences of glycolate metabolism in Chlorophycean and Charophycean algae. 
 
 Chlorophycean Charophycean 
1  Few primitive algae belong to this group. Land plants were evolved from these algae. 
2 Peroxisomes are absent Contains microbodies of leaf peroxisomal type. 
3 Glycolate dehydrogenase(GDH) in mitochondria is the key enzyme. 
Glycolate Oxidase (GO) present in peroxisomes 
is the key enzyme. 
4 Glycolate oxidation is associated with the production of ATP in mitochondria. 
ATP is not produced. In addition loss of NH3 
and CO2 during glycolate metabolism. 
5 
Low capacity, so glycolate is excreted 
out under high photorespiratory 
conditions.  
High capacity to metabolize glycolate. 
 
Therefore, the glycolate pathway appears to be similar in algae and higher plants differing 
only in their cellular compartmentation. 
 
Furthermore, during evolution, the more effective peroxisomal glycolate pathway was 
acquired and the basic mitochondrial pathway or parts of it may be still conserved in land 
plants like Arabidopsis (Bari et al., 2004). This was supported by identification and 
characterization of a novel glycolate dehydrogenase in the mitochondria of Arabidopsis 
thaliana (AtGDH). The open reading frame (At5g06580) shows homology to the glcD subunit 
of the Escherichia coli glycolate oxidase and yeast D-lactate dehydrogenase (ScDLDH). It 
resembles algal glycolate dehydrogenase in its enzymatic properties. AtGDH shows all the 
properties of a glycolate dehydrogenase, oxidizes D (-)-lactate over L (+)-lactate and is 
cyanide sensitive. Therefore, it is clearly discriminated from the higher plant peroxisomal 
glycolate oxidizing enzymes (Bari et al., 2004). Recently, a GDH homologue (CrGDH) from 
Chlamydomonas reinhardtii was identified (Nakamura et al., 2005). 
 
1.2.3 Glycolate metabolism in Escherichia coli 
 
 Many micro organisms (e.g. Pseudomonas spp., E.coli) can grow on glycolate as a sole 
carbon source. Many bacteria have evolved biochemical pathways to metabolize glycolate. 
The glycolate pathway in Escherichia coli was described in detail (Kornberg and Sadler, 
1961; Hansen and Hayashi, 1962; Lord, 1972; Pellicer et al., 1996). Glycolate is metabolized 
in Escherichia coli through oxidation of glycolate in a reaction catalyzed by the enzyme 
glycolate oxidase (GO). Glycolate Oxidase (EC.Number.1.1.3.1) is a multiprotein complex 
that is capable of oxidizing glycolate in an oxygen independent manner to produce glyoxylate. 
The E.coli Glycolate Oxidase (GO) has three protein subunits that are encoded by three 
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different open reading frames called glcD, glcE and glcF, which are located in the glc operon 
of E. coli (Lord, 1972; Pellicer et al., 1996).  
 
Glyoxylate is considered as a branching point in the metabolic pathway since it is metabolized 
by two divergent condensation reactions. One reaction condenses glyoxylate with an acetyl 
group provided by acetyl coenzyme A and is catalyzed by malate synthase G forming malate. 
The other reaction condenses two molecules of glyoxylate by glyoxylate carboligase (GCL) 
forming tartronic semialdehyde with the release of CO2 (Chang et al., 1993). Tartronic 
semialdehyde is further reduced to glycerate by tartronic semialdehyde reductase (TSR) and 
subsequently phosphorylated to glycerate-3-phosphate by glycerate kinase (Gotto and 
Kornberg, 1961). These three enzymes (glycolate dehydrogenase, glyoxylate carboligase and 
tartronic semialdehyde) constitute the glycerate pathway in E. coli (Pellicer et al., 1996). 
 
1.2.4 Glycolate metabolism in cyanobacteria 
 
The plant-like C2 glycolate cycle and bacterial- like glycerate pathway cooperate in 
phosphoglycolate metabolism in cyanobacteria. Glycolate excretion was found in some 
cyanobacteria when they are transferred from high CO2 to normal air or elevated oxygen 
conditions. In addition, the activities of C2 cycle enzymes were found namely, 2-Phospho 
glycolate phosphatase (PGP), Glutamate-glyoxylate aminotransferase, and hydroxypyruvate 
reductase (HPR) and glycolate dehydrogenase activity (Colman et al., 1974) was found in the 
extracts of cyanobacteria. 
 
The genome of the cyanobacterium Synechocystis has open reading frames encoding enzymes 
show homology to the plant-like C2 cycle and the bacterial-type glycerate pathway enzymes 
were identified. The identification of Glyoxylate carboligase (GCL), Tartronic Semialdehyde 
Reductase (TSR), Glycerate Kinase (GLYK) and Glycolate dehydrogenase (homologous to 
GlcD subunit) enzymes resembles E.coli glycerate pathway. On the other hand, 
Phosphoglycolate Phosphatase (PGP), Alanine Glyoxylate Transferase (AGT), Hydroxy 
Pyruvate Reductase (HPR), Serine Hydroxymethyl Transferase (SHMT) and Glycine 
Decarboxylase (GDC) enzymes resembles the plant type C2 cycle or photorespiratory 
pathway. The enzymatic activity assays for the above described enzymes showed that both 
pathways are active. Therefore, a hypothetical cyanobacterial glycolate cycle, comprising a 
complete C2 cycle that is overlapped and short-circuited by two enzymatic steps of the 
glycerate pathway was constructed. 
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Figure 1.5  Schematic representation of glycolate metabolism in cyanobacterium. 
Glycolate metabolism of Cyanobacterium with plant-like photorespiratory C2 cycle (outer circle, 
glycolate cycle) and bacterial-like glycerate pathway (inner branch) is shown above. The plant-like C2 
cycle includes Aminotransferases, Glycine decarboxylase; Serine hydroxyl methyl transferase and 
Hydroxy pyruvate reductase. The bacterial-like glycerate pathway involves Glyoxylate carboligase and 
Tartronic semialdehyde reductase. Ru-1,5-bisP = Ribulose-1,5-bisphosphate; GDC = Glycine 
decarboxylase and SHMT = Serine hyroxy methyl transferase. This figure was taken from (Eisenhut et 
al., 2006). 
 
 
Figure 1.5 represents the hypothetical glycolate metabolism in cyanobacteria. Due to the 
Rubisco oxygenase activity, 2-phosphoglycolate is produced which is then dephosphorylated 
to produce glycolate. Glycolate is oxidized to glyoxylate by glycolate dehydrogenase enzyme 
similar to bacterial GDH, made up of three subunits GlcD, GlcE and GlcF. An operon reading 
frame showing homology to bacterial GlcD was found in Synechocystis. The pathway is 
branched at this glyoxylate metabolizing reaction into the glycerate pathway of bacteria and 
the plant-type photorespiratory C2 cycle. The glyoxylate is then converted to glycerate by two 
enzymes, TSR and GCL of bacterial glycerate pathway (inner branch in Figure 1.6). 
Similarly, glyoxylate is also metabolized to glycine, serine, hydroxypyruvate and glycerate 
via plant type photorespiratory pathway (described in detail in 1.2.1). Therefore, 
cyanobacteria metabolize phosphoglycolate by the cooperative action of the C2 cycle and the 
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glycerate pathway. This cooperation avoids accumulation of potentially toxic substances, such 
as Gly or 2-phosphoglycolate that may lead to death in corresponding plant mutants (Heineke 
et al., 2001; Boldt et al., 2005). However, the metabolic regulation between these two routes 
of 2-phospho glycolate processing is still not known. The analysis mutants indicated that the 
metabolic flux via the plant like glycolate pathway is more significant than the bacterial 
glycerate pathway and shows the possible existence of additional routes to metabolize the 
formed glyoxylate (Eisenhut et al., 2006). 
 
Therefore the existence of both pathways in cyanobacteria might be considered as an 
intermediate stage between algae and higher plants. During the process of evolution, a 
glycolate dehydrogenase (homologous to single subunit GlcD) alone is sufficient to oxidize 
the glycolate in cyanobacteria and higher plants (AtGDH from A. thaliana) instead of three 
subunits of the bacterial glycolate oxidizing enzyme. 
 
1.3 The aim of the present study 
 
In the present study, a novel glycolate pathway was installed in the chloroplast of the C3 plant 
Nicotiana tabacum in order to suppress photorespiration resulting in an improvement of its 
photosynthetic efficiency. As described before, Rubisco oxygenase activity leads to the 
oxidation of RuBP to form phosphoglycerate and phosphoglycolate during photorespiration. 
The phosphoglycerate enters into the Calvin cycle to form carbohydrates. The 
phosphoglycolate is dephosphorylated to glycolate inside the chloroplast and metabolized to 
glycerate through series of reactions in peroxisomes and mitochondria resulting in loss of NH3 
and CO2 from glycolate. 
 
The new biochemical pathway (details of the pathway are described in Results chapter) 
established inside the plant chloroplast deals with the metabolism of glycolate produced in the 
photorespiratory pathway inside the chloroplast. Recently, it was shown that this pathway 
already exists in cyanobacteria together with plant like photorespiratory pathway. Therefore, 
this pathway is aiming to suppress photorespiration in the transgenic plants in two ways. On 
one hand, CO2 released inside the chloroplasts is refixed or rescavenged. On the other hand, 
glycolate will not enter into the photorespiratory pathway. 
 
The novel glycolate pathway resembles bacterial glycerate pathway using TSR and GCL 
genes from E. coli except that the glycolate dehydrogenase gene from Arabidopsis thaliana 
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(AtGDH). Parts of the novel pathway (GT plants) have been established in tobacco by Rafijul 
Bari (Institute for Biology I, RWTH Aachen, Germany 2004).  
 
The aim of the present study was to complete pathway in Nicotiana tabacum by generating 
transgenic plants expressing novel glycolate pathway (GTA) genes and also glycolate 
dehydrogenase (AtGDH) gene. It was expected to perform various physiological, biochemical 
and biophysical analysis using the generated transgenic plants whether this pathway results in 
a reduction of photorespiration and increased photosynthetic performance or not. Moreover, it 
was expected to analyse the function of endogenous AtGDH in alternate photorespiratory 
pathway in A. thaliana plants. 
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2 Materials and Methods 
 
2.1 Materials 
 
2.1.1 Chemicals and Consumables 
 
The chemicals used throughout the work were purchased from the following companies:  
Amersham Pharmacia Biotech (Freiburg), BioRad Laboratories GmbH (München), 
Calbiochem (Bad Soden), Carl Roth GmbH (Karlsruhe), Eurogentec (Cologne), Hartmann 
Analytic (Braunschweig), Invitek (Berlin, Germany), Duchefa Biochemie (Haarlem, 
Netherlands), Invitrogen (Leck, Netherlands), KMF Laborchemie Handels GmbH (St. 
Augustin), Kodak (Stuttgart), Macherey-Nagel (Düren), MBI Fermentas (St. Leon-Rot), 
Metabion (Planegg-Martinsried), Molecular Probes (Leiden, Netherlands), New England 
BioLabs (Frankfurt), Novagen (Darmstadt), Pharmacia (Freiburg), Promega (Madison, USA), 
QIAGEN (Hilden), Roche Applied Science (Mannheim), Röhm (Darmstadt), Sigma 
(Taufkirchen), Serva (Heidelberg) Sigma ARK (Taufkirchen).  
 
The consumables were obtained from the following companies: Agilent technologies, Applied 
Biosystems (Darmstadt), Biometra (Göttingen), BioRad Laboratories GmbH (München), 
Eppendorf (Hamburg), Fuji (Düsseldorf), GGA GmbH (Moers, Germany), Gibco BRL 
(Eggenstein), Greiner (Solingen), Hanna Instrument (Kehl, Germany), Heraeus (Osterode), 
Hewlett Packard (Germany), Herolab (Wiesloch) Kodak (Stuttgart), Kontron Instruments 
(München), Labomedic (Bonn), Leica (Heidelberg), LI-COR® Biosciences (Lincoln, USA), 
Merck (Darmstadt), Millipore (Eschborn), MWG Biotech (München), Pharmacia (Freiburg), 
Raytest (Berlin, Germany), Serva (Heidelberg), Schott Glaswerke (Mainz), Sorvall (Bad 
Homburg), Wissenschaftliche Technische Werkstätten (Weilheim), Whatman (Maidstone, 
UK).  
 
2.1.2 Enzymes and Antibodies 
 
I) Enzymes 
Table 2.1 Enzymes used throughout the work 
The enzymes and restriction endonucleases enzymes that were used duirng the work are desribed 
below.  
 
Amyloglucosidase Roche Applied Science, Mannheim 
AscI New England Biolabs, Frankfurt 
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BamHI New England Biolabs, Frankfurt 
Bpu1102I MBI Fermentas, St. Leon-Rot 
DNaseI Roche Applied Science, Mannheim 
EcoRI New England Biolabs, Frankfurt 
EcoRV MBI Fermentas, St. Leon-Rot 
Fast Start High Fidelity PCR enzyme  Roche Applied Science, Mannheim 
Glucose-6-phosphate dehydrogenase Roche Applied Science, Mannheim 
Hexokinase Roche Applied Science, Mannheim 
HindIII MBI Fermentas, St. Leon-Rot 
Invertase Roche Applied Science, Mannheim 
Klenow-DNA polymerase MBI Fermentas, St. Leon-Rot 
Lysozyme SERVA, Heidelberg 
MluI MBI Fermentas, St. Leon-Rot 
M-MLV Reverse transcriptase Promega, Mannheim 
NcoI MBI Fermentas, St. Leon-Rot 
PmeI New England Biolabs, Frankfurt 
Phosphoglucose isomerase(PGI) Roche Applied Science, Mannheim 
PvuI MBI Fermentas, St. Leon-Rot 
SgrAI New England Biolabs, Frankfurt 
T4-DNA-Ligase New England Biolabs, Frankfurt 
Taq-Aachen-DNA polymerase Institute for Biology I, RWTH-Aachen  
XbaI MBI Fermentas, St. Leon-Rot 
XhoI MBI Fermentas, St. Leon-Rot 
SalI MBI Fermentas, St. Leon-Rot 
α-Amylase Roche Applied Science, Mannheim 
 
 
II) Antibodies 
• Anti-His HRP Conjugate (Horse Radish Peroxidase) (Qiagen, Hilden). 
• Anti-AtGDH900 antibody produced from chicken (Institute of Biology I, RWTH-
Aachen). 
• Anti-TSR antibody produced from chicken (Institute of Biology I, RWTH-Aachen). 
• Goat anti-chicken antibody (Qiagen, Hilden). 
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2.1.3 Instruments 
 
• ABI-7000 (Applied biosystems, Darmstadt). 
• Agarose gel electrophoresis accessories: electrophoresis chambers, gel carriers and 
combs (mechanical workshop of the Institute for Biology I, RWTH-Aachen), power 
sources (BIO-RAD, München) 
• Automatic Sequencer: “4200L-2” (LI-COR, Lincoln, USA). 
• Centrifuges: “RC-5B” with GS-3 and SS-34 rotors (SORVALL, Bad Hamburg), 
“Varifuge RF” with 5315 rotor (HERAEUS, Osterode) for Falcon tubes,  
      “Biofuge A” and “Hermle” (HERAEUS, Osterode) for Eppendorf tubes. 
• Confocal microscope: Leica TCS-SP spectral confocal microscope (Leica, 
Heidelberg). 
• CO2  - Analyzer: “BINOS IR-VIS/UV” (LEYBOLD). 
• Cuvettes: Quartz glass cuvettes (Hellma), disposable cuvette (Sarstedt). 
• Disposable reaction tubes: 1.5 and 2 ml (Eppendorf, Hamburg); 15 and 50 ml (Falcon, 
Eppendorf, Hamburg). 
• Electroblotting apparatus: “mini-transblot” (BIO-RAD, München). 
• Electropestle: motor-driving stainless steel pestle for 1.5 ml Eppendorf tubes (driven 
by a RZO type motor, Heidolph). 
• Electroporator MicropulserTM (BIO-RAD, München). 
• Electrophoresis chamber: horizontal electrophoresis unit “Multiphor II” (Pharmacia, 
Freiburg); vertical mini gel apparatus “Mini Protein II Dual Slab Cell” (BIO-RAD, 
München). 
• Eppendorf vaccuspeed concentrator 5301 (Eppendorf, Hamburg). 
• Fuji Fluorescence scanner LAS-1000 CCC camera (Raytest, Berlin). 
• Fuji Fluorescence scanner FLA-3000 (Raytest, Berlin). 
• Fujifilm imaging plate for bioimaging analyzer: “BAS-MS 2040” (Japan). 
• Fujifilm intelligent dark box (Raytest, Berlin). 
• Fujifilm BAS Cassette 2025 (Raytest, Berlin). 
• GC/MS- system: “6890 N network-GC-system” Agilent technologies. 
• Hettich Centrifuge Rotina 35 (Tuttlingen, Germany). 
• Hewlett Packard (hp) gas chromatograph chemstation 5890- series II (Germany).  
• Hewlett Packard (hp) Mass selective detector series 5971 (Germany). 
• LI-COR® photosynthetic portable measuring device Version 5 (Lincoln, USA).  
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• Light microscope Carl Zeiss with 2.5 x and 6.3 x (Germany). 
• Microplate spectrophotometer spectra max 340 (Elisa Reader) (USA). 
• Microscope: “Dialux 20 (LEITZ) with incident Fluorescence illuminator  
      3-PLOEMOPAK”. 
• MSD Direct intel probe autoinjector: “Agilent technologies 7683 series”. 
• Nitrocellulose membrane: “Hybond C and Hybond ECL” (Amersham, Freiburg). 
• pH-Meter: WTW ( Wiss Techn.Werkstatten, Weilheim). 
• Photographic apparatus: camera “429K”; software “E.A.S.Y. store Win 32„ (Herolab, 
Wiesloch). 
• Photometer: “Uvikon 930” (KONTRON) with 12 temperature-controlled cuvette 
holders; Gene Quant RNA/DNA calculator (Pharmacia, Freiburg). 
• Plant growth chamber (Snijders scientific B.V, Tilburg, Netherlands). 
• Poly-Prep®- chromatography columns (BIO-RAD, München). 
• Protein concentrator Amicon ultra-centrifugal filters (Millipore, USA). 
• Scintillation counter: “Ls 5000TD” (Beckmann, Fullerton, USA). 
• Shaker: InnovaTM 4340 incubator shaker (New Brunswick Scientific, Nürtingen). 
• Sonicator Bandelin Sonopuls GM 70 (Berlin, Germany). 
• Sterile filter: with the pore size of 0.22 µm (Millipore, Schwalbach). 
• Thermocycler: Biometra T personal (Biometra, Göttingen), Thermocycler Primus 
(MWG Biotech, München), LightCycler (Roche Applied Science, Mannheim). 
• Ultrathorax-MERKU: Erich polläne GmbH (Wennigsen, Germany) 
• UV-chamber (Bio-Rad, München). 
• UV transilluminator: wavelength 302 nm and UVT-20M (Herolab, Wiesloch). 
 
2.1.4 Solutions, buffers and media 
 
Most of the buffers, media and solutions were prepared as described by (Sambrook and 
Russel, 2002) unless supplied with the kits. The pH was adjusted with 1M, 5M and 10M 
NaOH, 1M and 5M KOH or 37 % (v/v) HCl. Sterilization of all solutions, buffers and media 
was achieved by autoclaving (20 min; 120°C, 1 bar) or for thermolabile solutions, by filtration 
through 0.2 µm filters. Heat-sensitive components, such as antibiotics, were prepared as stock 
solutions, and added to the medium/buffer after cooling to 50°C. Buffers and media used 
during the present work are given in table 2.2. 
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Table 2.2 List of buffers and media 
The buffers, media and enzymatic activity assay mixes were described below. 
 
Name Component Concentration 
Acrylamide/Bisacrylamide Acrylamide 
N’,N’–Methylenbisacrylamide 
30% (w/v) 
0.8% (w/v) 
Ammonium persulfate (APS) Ammonium persulfate 10% (w/v) 
Ammonia release assay 
incubation medium  
Potassium phosphate buffer, pH 5.8 
Sucrose 
Tween20 
2,4-Dichlorophenoxy-acetic acid 
Phosphinotricin 
50 mM 
2% 
0.1% 
0.1 mg/L 
25 mg/L 
Ammonia release assay 
Reagent I 
 
Sodium salicylate 
Trisodium citrate 
Sodium tartrate 
Sodium nitroprusside 
0.21 M 
0.085 mol/L 
25 g/L 
0.4 mM 
Ammonia release assay 
Reagent II 
 
NaOH 
Sodium dichloro isocyanurate 
0.75 mol/L 
2.3 mM 
Bradford–Solution Coomassie Brilliant Blue G 250 
Ethanol 96% (v/v) 
Phosphoric acid 85% (v/v) 
100 mg/L 
50 ml/L 
100 ml/L 
Catalase activity assay buffer Sodium, potassium phosphate buffer, pH 7 
Hydrogen peroxide 
50 mM 
30 mM 
Coomassie-fixation solution Methanol 
Acetic acid 
30% (v/v) 
10% (v/v) 
D-Lactate Dehydrogenase 
assay buffer 
Na-phosphate buffer, pH 7.6 
NAD+ 
D-Lactate 
30 mM 
4.8 mM 
2 mM 
DNA Extraction Buffer Tris-HCl, pH 8.5 
NaCl 
EDTA, pH 8.0 
SDS 
100 mM 
100 mM 
10 mM 
0.2% (w/v) 
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dNTP-Mix  
 
 
 
dATP 
dCTP 
dGTP 
dTTP 
2.0 mM 
2.0 mM 
2.0 mM 
2.0 mM 
Extraction buffer 
 
 
 
 
 
HEPES-NaOH, pH 7.5 
EDTA 
MgCl2 
Triton x-100 
Glycerol 
50 mM 
2 mM 
5 mM 
0.1% 
20% 
Fumarase  activity assay 
buffer 
Sodium-Potassium phosphate buffer, pH 7 
Triton X-100 
L-Malate 
5 mM 
10% 
0.1 M 
Gel electrophoresis-loading 
Buffer 
Kresol red 
Sucrose 
1 mM 
60% (w/v) in 
TAE buffer 
Glucose and fructose assay 
buffer 
Triethanolamine, pH 7.6 
NADP 
MgCl2 
ATP 
150 mM 
0.25 mM 
5 mM 
2.5 mM 
Grinding buffer (GB) HEPES-KOH, pH 8 
EDTA 
Sorbitol 
BSA 
Ascorbate 
50 mM 
10 mM 
0.33 M 
0.5 g/L 
5 mM 
Grinding buffer for 
Mitochondria isolation (GBM) 
HEPES-KOH, pH 8 
MgCl2 
EDTA 
BSA 
Sodium Ascorbate 
Mannitol 
Polyvinyl pyrrolidine                                      
50 mM 
1 mM 
1 mM 
1 g/L 
0.2 g/L 
0.3 M 
5 g/L 
Induction medium YEB medium 
MES pH 5.6 
Acetosyringone (Aldrich) 
 
10 mM 
20 µM 
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Laemmli-Loading Buffer Tris-HCl, pH 6.8 
SDS 
DTT 
Saccharose 
Bromophenol blue 
100 mM 
4% (w/v) 
100 mM 
10% (w/v) 
0.04% (w/v) 
Luria Bertani (LB)-Medium Bactotryptone 
Yeast extract 
NaCl 
Agar (for LB plates only) 
1% 
0.5% 
1% 
1.5 % (w/v) 
LB-Ampicillin LB–Medium 
Ampicillin 
100 µg/ml 
LB-Amp plates 
 
Bactotryptone 
Yeast extract 
NaCl 
Agar 
Ampicillin 
1% 
0.5% 
1% 
1.5% 
100 mg/L 
Ligase-Buffer Tris–HCl,  pH 7.8 
MgCl2 
DTT 
ATP 
PEG 8000 
40 mM 
10 mM 
10 mM 
0.5 mM 
5% (w/v) 
Mannitol Wash buffer Mannitol 
HEPES-KOH 
BSA 
0.3 M 
10 mM 
1 g/L 
MMA medium MS-salts (Duchefa) 
Sucrose 
MES pH : 5.6 
Acetosyringone (Aldrich) 
4.3 g/L 
20 g/L 
10 mM 
200 µM 
MS Medium Murashige and Skoog Basal medium  
(Duchefa) 
 
MS + Kanamycin Plates 
(for Arabidopsis) 
MS salt 
Agar 
Kanamycin  
2.2 g/L 
0.7 % (w/v) 
20 mg /ml 
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MS medium (for tobacco) MS-salts (Duchefa) 
Sucrose 
NaOH pH 5.8 
Agar (for solid medium) 
Vitamin Solution 
4.3 g/L 
20 g/L 
1 M 
8 g/L 
500 µL/L 
MS II medium MS-medium 
6-Benzylaminopurine (BAP, Sigma) 
Naphtaline Acetic Acid (NAA, Sigma) 
Kanamycin (Applichem) 
Claforan (Duchefa) 
 
1 mg/L 
0.1 mg/L 
100 mg/L 
200-250 mg/L 
MS III medium MS-medium 
Kanamycin  
Claforan 
100 mg/L 
200-250 mg/L 
MS + Kanamycin + 
Sulfadiazine Medium 
MS salt 
Plant agar 
Kanamycin 
Sulfadiazine 
2.2 g/L 
0.75% (w/v) 
50 mg/L 
20 mg /L 
MS + Sulfadiazine Medium 
 
MS salt 
Plant agar 
Sulfadiazine 
2.2 g/L 
0.75% (w/v) 
20 mg/L 
Multiplex PCR buffer D (10x) Tris-HCl, pH 8.3 
 KCl 
 MgCl2  
100 mM 
500 mM 
25  mM   
PCR-Buffer (10 x)  
 
Tris-HCl, pH 8.5 
KCl 
Tween 20 
100 mM 
500 mM 
0.5% (v/v) 
Percoll-buffer Percoll 
HEPES-KOH, pH 8.0 
Sorbitol 
35% 
50 mM 
0.33 M 
Ponceau S-Red-solution Ponceau S-Red 
Acetic acid 
0.25% (w/v) 
1% (v/v) 
Protein elution buffer Tris-HCl, pH 7.5 
NaCl 
Imidazol 
20 mM 
300 mM 
300 mM 
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Protein extraction buffer Protein resuspension buffer 
Ascorbate 
DTT 
Polyclar 
 
0.5% (w/v) 
5 mM 
2% (w/v) 
Protein lysis buffer Tris-HCl, pH 7.5 
NaCl 
Glycerol 
DTT 
Lysozyme 
Triton X-100 
20 mM 
300 mM 
10% 
5 mM 
5 mg/ml 
0.1% 
Protein resuspension buffer HEPES-KOH, pH 7.5 
MgCl2 
EDTA 
50 mM 
5 mM 
1 mM 
Protein wash buffer I Tris-HCl, pH 7.5 
NaCl 
Imidazol 
NP-40 
20 mM 
300 mM 
5 mM 
0.5% (v/v) 
Protein wash buffer II Tris HCl, pH 7.5 
NaCl 
Imidazol 
NP-40 
20 mM 
300 mM 
30 mM 
0.5% (v/v) 
PBS buffer 
 
Potassium-phosphate, pH 7.2 
NaCl 
50 mM 
150 mM 
SH buffer (1x) HEPES-KOH, pH 8.0 
Sorbitol 
50 mM 
0.33 M 
Starch assay buffer Na-Acetate pH 4.8 50 mM 
Sucrose assay buffer Citrate-NaOH, pH 4.6 50 mM 
Sucrose wash buffer (2X) Sucrose 
HEPES-KOH 
BSA 
0.3 M 
10 mM 
1g/L 
TAE (1 x) Tris-Acetate, pH 8.0 
EDTA, pH 8.0 
40 mM 
1 mM 
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TBE (10 x) Tris 
Boric acid 
EDTA 
0.9 M 
0.9 M 
0.02 M 
TBS buffer Tris-HCl, pH 7.5 
NaCl 
10 mM 
150 mM 
TBS-Tween buffer Tris-HCl, pH 7.5 
NaCl 
Tween 20 
Triton X-100 
20 mM 
500 mM 
0.05% (v/v) 
0.2% (v/v) 
TE (1 x) Tris-HCl, pH 8.0 
EDTA, pH 8.0 
10 mM 
1 mM 
TFB I K-Acetate 
MnCl2 
RbCl 
CaCl2 
Glycerin 
30 mM 
50 mM 
100 mM 
10 mM 
15% (v/v) 
TFB II RbCl 
CaCl2 
MOPS 
Glycerin 
10 mM 
75 mM 
10 mM 
15% (v/v) 
 
Transfer buffer (1 x) 
Tris-HCl, pH 8.3 
Glycine 
SDS 
Methanol 
48 mM 
39 mM 
0.037% (w/v) 
20% (v/v) 
Tris-Glycine-buffer (1 x) Tris-HCl, pH 8.3  
Glycine  
SDS 
25 mM 
192 mM  
0.1% (w/v) 
TRIZOL Guanidinthiocyanate 
Ammoniumthiocyanate 
Na-Acetate, pH 5.0 
Glycerol 
Phenol solution (H2O) 
0.8 M 
0.4 M 
0.1 M 
5% (w/v) 
38% (v/v) 
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YEB medium Nutrient Broth or Beef Extract 
Yeast Extract 
Peptone 
Sucrose 
MgSO4 
pH 
5 g/L 
1 g/L 
5 g/L 
5 g/L 
2 mM 
7.4 
YEB medium  with  
Kanamycin-Carbenicillin- 
Rifampicin 
YEB medium  
Kanamycin 
Carbenicillin 
Rifampicin 
 
25 mg/L 
50 mg/L 
100 mg/L 
 
 
2.1.5 Matrix and Membranes 
 
• HybondTM-ECLTM-nitrocellulose membrane (0.45 μm) from Amersham Pharmacia biotech 
(Braunschweig) and Whatman no.1 paper from Whatman were used in Western blotting. 
• Ni-NTA Agarose (Qiagen, Hilden). 
 
2.1.6 Escherichia coli strains 
 
• DH5α. F-, Lambda-, recA1, endA1, hsdR17 (rK-, mK+), (lacZYA-argF), supE44, U169, 
Φ80dlacZΔM15, thi-1, gyrA96, relA1 (Hanahan, 1983). This bacterial strain possesses a 
modified recombination system (recA1), which results in reduced recombination probability, 
and lacks endonuclease (endA1). It was therefore used in the cloning experiments. 
 
• ER2566: New England Bio Labs (Frankfurt). 
 
2.1.7 Agrobacterium strain 
 
• GV3101 (pMP90RK): Gmr, Kmr, Rif r (Koncz and Schell, 1986). This Agrobacterium 
strain contains a non-oncogenic Ti plasmid pMP90RK that represents one component of the 
binary vector system described by the above authors. This plasmid contains the vir-region as 
well as the genes for gentamycin and kanamycin resistances. After introduction of derivatives 
of the plasmid pS, this bacterial strain was used for the transformation of A. thaliana plants on 
the basis of kanamycin, sulfadiazine and BASTA (phosphinotricin) resistance. 
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2.1.8 Plant Materials 
 
• Nicotiana tabacum L. cv. Petit Havana SR1 (Maliga et al., 1973). This tobacco line was 
used for the transformation of AtGDH gene with TSR, GCL and wild type plants. 
 
• Arabidopsis thaliana ecotype Columbia (Col 0) plants were used for the stable expression 
of all genes involved in the novel biochemical pathway.  
 
2.1.9 Synthetic Oligonucleotides 
 
The following primers (from Sigma and Metabion) were used for cloning and sequencing of 
the genes required for the establishment of the novel pathway. 
 
Table 2.3 List of the primers used throughout the work 
Primers that were used during this work were described in detail below 
. 
Name of the primer Sequence 
AtGDH-FW1-1412 GGATGGAACATGTACTGGAGAACACG 
AtGDH-(Asc I)-F -693 CG AGG CGC GCC AGG TGC GCG ATA GCT GCC TCC GCC  
AtGDH-(Xba I)-R -694 TTG CGG ACT CTA GAG GAT CTC AGC GGT 
AtGDH-TP-F-742 TAG CGG ATC CGT CAT CAT CGG CTT TGG AT 
AtGDH-TP- BamHI F-766 GCT AGG ATC CAG CGA TAG CTG CCT 
AtGDH –TP- BamHI 
1300bp Forward-775 
GCT AGG ATC CAA TGT TTC ACA AGG CAG TCA AC 
AtGDH –TP- BamHI 
900bp Forward -776 
GCT AGG ATC CAA TGG GAG ATG TTG TGA AGA CA 
AtGDH –TP- BamHI 693 
bp Forward  
GCT AGG ATC CAA TGT CTG GAA TAC AGG TGT CA 
AtGDH-TP-R-753 TCG AGT CGA CGA AAC ATA CAT GAG G 
AtGDH-(cDNA2)-F-912  CCA AAC GAT ATC ATG AAC CCG GGA A 
AtGDH-F-158 ACG GAT CCA ATG TT AGG TCC GAA GAA GAA  
AtGDH-R-159 ACC TCG AGG AAA CAT ACA TGA GGA GGA ATT 
GCL-FW1-1330 CGC ACC GAC TGA AAC CTG CTT C       
GCL-FW2-1335 GGA TCA ACT GTG GTC AGG CTG GTC      
GCL-(cDNA2)-F-863 ACG CAC CGA CTG AAA CCT GCT 
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GT-DEF(cDNA2)-R-865 GCT CAA CAC ATG AGC GAA ACC 
GT-DEF Rev-2-1340 CAC ATG AGC GAA ACC CTA TAA GAA CCC T   
Oligo dT 18-245 TTT TTT TTT TTT TTT TTT  
pS5`-302 GAC CCT TCC TCT ATA TAA GG 
pS3`-303 CAC ACA TTA TTC TGG AGA AA 
TSR-FW1-1331 CTC AAC CTG GCA CTG CAA AGT GCG     
TSR-FW2-1336 AAT ATC ACC CTC GTG GGC GGT AAC      
TSR (NcoI)-71 ACG TCC ATG GGG ATG AAA CTG GGA TTT ATT GGC TT 
TSR (Xho I)-72 ACG CTC GAG GGC CAG TTT ATG GTT AGC CAT T 
TSR(cDNA2)-F-864  TGC AGG CGC TGG AAT TAA TGG 
TSR-Mlu-NEW-269 TCG AAC GCG TTA GGT GCA TGA AAC TGG GAT TTA TTG 
T7-Reverse-113 GCT AGT TAT TGC TCA GCG G 
T7-Universe-112 AAT TAA TAC GAC TCA TCA CTA TAG GG 
 
 
2.1.10 DNA-plasmids and vectors 
 
All genes involved in the novel pathway (GCL-TSR and AtGDH) were cloned into pTRA-K-
rbcS1-cTP and pSuper-PAM-Sul-rbcS1-cTP vectors respectively. All these DNA vectors 
were kindly provided by Thomas Rademacher, Institute for Biology I, RWTH Aachen.  The 
following vectors were used throughout the work: 
 
2.1.10.1 pTRA-K-rbcS1-cTP plasmid DNA 
 
The Bacterial TSR and GCL genes were cloned separately and together into pTRA-K-rbcS1-
cTP vector. For the detailed structures of this vector, see Figure 2.1. 
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pTRA-K-rbcS1-cTP
7743 bps
AscI
EcoRV
EcoRI
MluI
XhoI
BamHI
XbaI
FseI
EcoRV
EcoRV
SAR
P35SS
rbcS1 -cTP
pA35S
SAR
RB
RK2 ori
bla
ColE1 ori
LB
pAnos
npt II
Pnos
Ecl136I
I
CHS
 
 
Figure 2.1 Structure of pTRA-K-rbcS1-cTP plasmid DNA. 
 
p35SS/pA35S Promotor (duplication) and Polyadenylation-/Termination sequence from CaMV 
bla ß-lactamase gene for selection in bacteria (ampicillin/carbenicillin resistance). 
CHS The coding sequence for Chalcone synthase.   
ColE1 ori Replication origin for vectors in E. coli. 
LB and RB Left and right border sequences of Nopalin-Ti-plasmids pTiT37. 
nptII Neomycin phosphotransferase type II that confers resistance to aminoglycoside 
antibiotics (i.e. kanamycin and neomycin) and was used for selection of transgenic 
plants in axenic culture. 
pAnos Polyadenylation promoter of Nopaline synthetase gene from A.tumefaciens. 
pnos Promoter of Nopaline synthase gene from A. tumefaciens. 
rbcS1-cTP Transit peptide of the small subunit of Rubisco from potato. The sequence was 
derived from gi 21562 (gene rbcs1) and cloned by Thomas Rademacher (Institute 
for Biology I, RWTH-Aachen). 
RK2 ori Replication origin for vectors in A.tumefaciens. 
SAR Scaffold Attachment Region from the tobacco RB7 gene (gi U67919). 
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2.1.10.2 pTRA-K-rbcS1-cTP –TSR His plasmid DNA 
 
The following palsmids are cloned and kindly provided by Rafijul Bari, Institute for Biology 
I, RWTH, Aachen. These plasmids were used as a positive control and also standard in Real 
time RT-PCR. The plasmid contains the coding sequence for tartronic semialdehyde reductase 
from Escherichia coli (gi: U89279) in translational fusion to a His-tag (TSR-His). For plasmid 
structure, see figure 2.2. 
 
pTRA-K-rbcS1-cTP-TSR-His
8689 bps
AscI
EcoRV
EcoRI
MluI
XhoI
BamHI
XbaI
EcoRV
EcoRV
SAR
P35SS
rbcs1-cTP
TSR
His
pA35S
SAR
RK2 ori
bla
ColE1 ori
LB
pAnos
npt II
Pnos
CHS
Bpu 11021
 
 
Figure 2.2 Structure of pTRA-K-rbcS1-cTP-TSR-His plasmid DNA.  
For more details, see the basal map 2.1.10.1 
 
TSR The coding sequence for tartronic semialdehyde reductase. 
His The coding sequence for His-tag protein. 
 
 
2.1.10.3 pTRA-K-rbcS1-cTP-GCL-His plasmid DNA 
 
The coding sequence for glyoxylate carboligase from Escherichia coli (gi: 146118) in 
translational fusion to a His-tag (GCL-His). For plasmid structure, see figure 2.3. This DNA 
vector was kindly provided by Rafijul Bari, Institute for Biology I, RWTH Aachen. 
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pTRAK-rbcS1-cTP-GCL.His
9601 bps
AscI
EcoRV
EcoRI
MluI
MunI
NruI
AvaI
XhoI
EcoRV
EcoRI
BamHI
XbaI
FseI
EcoRV
EcoRV
SAR
P35SS
rbcS1- cTP
GCL
His
pA35S
SARRB
RK2 ori
bla
LB
pAnos
npt II
Pnos
pTRA-K-rbcS1-cTP-GCL-His
ColE1 ori
CHS
Pme l
Bpu 11021
 
 
Figure 2.3 Structure of pTRA-K-rbcS1-cTP-GCL-His plasmid DNA.  
For more details, see the basal map 2.1.10.1 
 
GCL The coding sequence for glyoxylate carboligase.  
His The coding sequence for His-tag protein. 
 
 
2.1.10.4 pTRA-K-rbcS1-cTP-TSR-His, GCL-His plasmid DNA 
 
The coding sequence of GCL and TSR is separated by a scaffold attachment region (SAR) as a 
transcription separator. This will reduce the possible negative impacts of the first expression 
cassette onto the second (Padidam and Cao, 2001). For plasmid structure, see figure 2.4. 
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XhoI
EcoRI
BamHI
PmeI
SgrAI
PTRA-K-rbcS1-cTP-TSR-His, 
GCL-His
12786 bps
AscI
EcoRI
MluI
XbaI
EcoRI
MluI
Ecl136IIXhoI
BamHI
XbaI
Bpu1102I
P35SS
rbcS1 -cTP
GCL
His
pA35S
SAR
TSR
HisSAR
RB
RK2 ori
ColE1 ori
pAnos npt II
Pnos
rb
cS
1-
cT
P
P35SS
pA
35
S
SAR
rb
cS
1-
cT
P
pA
35
S
 
 
Figure 2.4 Structure of pTRA-K-rbcS1-cTP-TSR-His,GCL-His plasmid DNA. 
For more details, see the basal map 2.1.10.1 
 
GCL The coding sequence for glyoxylate carboligase.  
TSR The coding sequence for tartronic semialdehyde reductase.  
His The coding sequence for His-tag protein. 
rbcS1-cTP Chloroplast targeting sequence from small subunit of Rubisco 
npt II  Encoding Kanamycin resistance to the plant 
 
 
2.1.10.5 pSuper-PAM-Sul-rbcS1-cTP-AtGDH plasmid DNA 
 
This plasmid contains coding sequence for AtGDH w/o mTP from A. thaliana (At5g06580) 
fused to a chloroplast targeting peptide (cTP) with a His-tag. This plasmid was used for the 
transformation of wild type N. tabacum plants and GCL and TSR expressing transgenic plants. 
It was also used in real time RT- PCR as a positive control. This plasmid DNA was kindly 
provided by Rashad Kebeish, Institute for Biology I, RWTH Aachen. For the plasmid 
structure, see Figure 2.5. 
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Figure 2.5 Structure of pSuper-PAM-Sul-rbcS1-cTP-AtGDH plasmid DNA. 
For more details, see the basal map 2.1.10.1 
 
cTP-AtGDH The coding sequence for A. thaliana glycolate dehydrogenase w/o mTP fused to a 
chloroplast targeting peptide. 
Sul The coding sequence, which confers resistance to sulfadiazine. 
His The coding sequence for His-tag protein. 
 
 
2.1.10.6 pET-GO plasmid DNA 
 
This plasmid was used for the expression of the bacterial glycolate dehydrogenase protein in 
ER2566 bacteria. The bacterial protein was used in the glycolate dehydrogenase enzymatic 
assays (GDH-assay) as a positive control. This plasmid DNA was kindly provided by Rafijul 
Bari, Institute for Biology I, RWTH Aachen. For the plasmid structure, see Figure 2.6. 
 
 
pSuper-PAM-sul-rbcS1-cTP-AtGDH
9727 bps
XhoI
NcoI
MluI
NcoI
SmaI
XmaI
XbaI
FseI
PmeI
XbaI
EcoRI
SacI
NcoI
EcoRI
AscI
EcoRI
PstI
pA35S
SAR
RB
RK2 ori
bla
ColE1 ori
LB
pA35S
Sul
p35SS
SAR
P35S
CHS
cTP- AtGDH
His
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pET-GO
9219 bps
PsiI
ScaI
PstI
BsaI
AhdI
BspLU11I
Bst1107I
Tth111I
PpuMI
ApaI
PspOMI
BclI
Van91I
SphI
SgrAI
BglII
XbaI
MscI
NcoI
AatII
BsiWI
NsiI
Ppu10I
RsrII
BamHI
Acc65I
KpnI
BtrI
BsmI
XhoI
AvaI
Bpu1102I
glcD
glcE
glcF
 
 
Figure 2.6 Structure of pET-GO plasmid DNA. 
 
glcD The coding sequence for the glcD subunit of glycolate dehydrogenase from 
Escherichia coli (gi/1141710/gb/L43490.1/ECOGLCC). 
glcE The coding sequence for the glcE subunit of glycolate dehydrogenase from Escherichia 
coli (gi/1141710/gb/L43490.1/ECOGLCC). 
glcF The coding sequence for the glcF subunit of the glycolate dehydrogenase enzyme from 
Escherichia coli (gi/1141710/gb/L43490.1/ECOGLCC). 
 
 
2.1.10.7 pET-AtGDH w/o mTP  and pET-AtGDH plasmid DNA 
 
The plasmid DNA was used for the expression of A. thaliana glycolate dehydrogenase 
(AtGDH w/o mTP) in ER2566 bacteria. The expressed protein was then used for testing the 
function AtGDH w/o mTP protein as a glycolate dehydrogenase in vitro. For the pET-AtGDH 
w/o mTP plasmid structure, see figure 2.7A). pET-AtGDH plasmid was used for expression 
of AtGDH protein in ER2566 bacteria. It was further used as a positive control in the D-lactate 
Dehydrogenase and Glycolate dehydrogenases enzymatic assays (See figure 2.7B). The above 
plasmids were kindly provided by Rashad Kebeish, Institute for Biology I, RWTH Aachen. 
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pET- AtGDH w/o mTP
6993 bps
DraIII
ScaI
BsaI
AhdI
AccI
Bst1107I
Tth111I
Bpu10I
PshAI
HpaI
BssHII
ApaI
PspOMI
BstEII
BclI
BstAPI
SphI
SgrAI
BglII
XbaI
BspMI
BamHI
Bsu36I
MunI
XhoI
BlnI
ClaI
SexAI
BsmI
BtrI
Ppu10I
NsiI
SmaI
XmaI
Bpu1102I
AtGDH w/o mTP
His
pET - AtGDH
7161 bps
DraIII
ScaI
BsaI
AhdI
AccI
Bst1107I
Tth111I
Bpu10I
PshAI
HpaI
BssHII
PspOMI
ApaI
BstEII
BclI
BstAPI
SphI
SgrAI
BglII
XbaI
BspMI
BamHI
AgeI
SacI
Ecl136II
Bsu36I
MunI
XhoI
BlnI
ClaI
SexAI
BsmI
NsiI
Ppu10I
SmaI
XmaI
Bpu1102I
AtGDH
His
(A) (B)  
 
 
Figure 2.7 Structure of pET-AtGDH w/o mTP and pET-AtGDH 
 
AtGDH w/o mTP The coding sequence for A. thaliana glycolate dehydrogenase without its 
endogenous mitochondrial targeting peptide sequence. 
AtGDH The coding sequence for A. thaliana glycolate dehydrogenase with its 
endogenous mitochondrial targeting peptide sequence (At5g06580). 
His The coding sequence for His-tag protein. 
 
 
2.1.10.8 pET-AtGDH 1300 and pET-AtGDH 900 plasmid DNA 
 
(A) pET-AtGDH 1300 vector 
 
Vector is obtained by restriction of pET plasmid with BamHI and XhoI (5889 bps). AtGDH 
insert is amplified from pTRA-K-W-AtGDH using AtGDH –TP- BamHI 1300bp Forward 
primer (776) - GCT AGG ATC CAA TGT TTC ACA AGG CAG TCA AC) and reverse 
primer containing SalI site AtGDH-TP-R-(753) - TCG AGT CGA AAC ATA CAT GAG 
G).The PCR product is then restricted with BamHI and SalI and ligated to vector. The clones 
are confirmed by diagnostic restriction with NcoI, 5601 bps and 1134 bps. This plasmid was 
used for expression of AtGDH protein in ER2566 bacterial cells. 
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(B) pET-AtGDH 900 vector 
 
The above BamHI and XhoI restricted pET plasmid was used as a vector. AtGDH insert was 
amplified from pTRA-K-W-AtGDH using AtGDH –TP- BamHI 900bp Forward 776- GCT 
AGG ATC CAA TGG GAG ATG TTG TGA AGA CA and reverse primer containing SalI 
site AtGDH-TP-R-(753) - TCG AGT CGA AAC ATA CAT GAG G), PCR product is then 
restricted with BamHI and SalI and ligated to vector .The clones are confirmed by diagnostic 
restriction with NcoI, 5601 bps and 735bps. This plasmid was used for expression of AtGDH 
protein in ER2566 bacterial cells .Soluble protein of AtGDH 900 was purified and used as 
antigen for the production of anti AtGDH900 antibody from chicken. 
 
 
pET-ATGDH 1300
6735 bps
BlnI
ClaI
SexAI
BsmI
BtrI
NsiI
Ppu10I
AvaI
SmaI
XmaI
Bpu1102I
DraIII
ScaI
BsaI
AhdI
AccI
Bst1107I
Tth111I
Bpu10I
PshAI
HincII
HpaI
BssHII
ApaI
PspOMI
BstEII
BclI
BstAPI
SphI
SgrAI
BglII
XbaI
BspMI
BamHI
AtGDH 1300
His
pET-AtGDH 900
6336 bps
BsmI
BmgBI
BfrBI
NsiI
AvaI
SmaI
XmaI
Bpu1102I
DraIII
PsiI
ScaI
PvuI
BsaI
AhdI
AlwNI
AccI
Bst1107I
Tth111I
Bpu10I
PpuMI
FspAI
PshAI
HincII
HpaI
BssHII
ApaI
PspOMI
BstEII
BclI
MluI
BstAPI
SphI
SgrAI
BglII
XbaI
NdeI
BspMI
BamHI
AtGDH 900
His
(A) (B)
 
 
 
Figure 2.8 Structure of pET-AtGDH 1300 and pET-AtGDH 900 
 
AtGDH 1300 The coding sequence of N-terminal 1100 bps of A. thaliana glycolate 
dehydrogenase (At5g06580). 
AtGDH 900 The coding sequence of N-terminal 900 bps of A. thaliana glycolate 
dehydrogenase.  
His The coding sequence for His-tag protein. 
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2.2 Methods 
 
2.2.1 Molecular methods 
 
2.2.1.1 Isolation of plasmid DNA 
 
Plasmid DNA maxi and mini kits (Qiagen and Invitek) were used to isolate plasmid DNA 
from transformed DH5α bacteria (competent E. coli strain) that were transformed with 
different constructs according to the instructions provided with these kits. For verification of 
quality and quantity, 2-5 μl of the total DNA eluate were visualized on a 1% (w/v) agarose gel 
containing ethidium bromide. 
 
2.2.1.2 Isolation of plant genomic DNA 
 
50-100 mg of leaf materials were harvested, frozen into liquid nitrogen and homogenized with 
pestle. 500 µl of DNA extraction buffer (Table 2.2) were added to the homogenized leaf 
materials. 1 vol of phenol/CHCl3 (1/1) was added and mixed gently for 10 minutes on a shaker 
followed by centrifugation at 15000 x g for 10 minutes. The upper phase was transferred to a 
new tube and 0.1 vol of 3 M Na-acetate (pH 5.2) and 2 vol of ethanol (96%) were added and 
mixed well. Genomic DNA was precipitated by incubation for 30 minutes at 20°C followed 
by centrifugation (15000 x g/4°C/20 min). The resulting pellet was washed with 700 µl of 
70% ethanol, dried and resuspended in 100-200 µl of sterile H2O. 
 
2.2.1.3 Agarose gel electrophoresis 
 
All the gel electrophoresis was performed according to (Sambrook and Russel, 2002). 
 
2.2.1.4 Isolation of DNA fragments from agarose gel 
 
To isolate DNA fragments (70 bp - 10 kb) from agarose gels, the QIAquick Gel Extraction Kit 
(Qiagen) was employed according to the manufacturer’s instruction. 
 
2.2.1.5 Polymerase chain reaction (PCR) 
 
Polymerase chain reaction (PCR) is a method for enzymatic amplification and modification of 
a target DNA sequence flanked by two known sequences (Saiki et al., 1988). Two synthetic 
oligonucleotides complementary to the (+)- and (−)-strands, respectively, of this sequence  
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were used as primers. After heat denaturation of the target double-stranded DNA, these 
primers hybridize to their opposite strands. New (−)- and (+)-strands fragments are then 
synthesized across the region between these primers by the catalysis of a thermostable Taq 
DNA polymerase. The newly created DNA strands are themselves templates for the PCR 
primers. Repeating the cycles of denaturation, primer annealing, and extension results in an 
exponential accumulation of the target DNA fragment. The reaction conditions (e.g. template 
concentration, annealing temperature and extension duration) were optimized for individual 
experiments on the basis of standard conditions. 
 
2.2.1.6 Multiplex PCR 
 
In this type of PCR, it is possible to amplify more than one DNA fragment using more than 
one primer pairs in the same PCR reaction mixture. In this study, the multiplex PCR was used 
for checking the transgenic N. tabacum plants on the DNA level. In GTA system, GCL-FW1 
(1330), TSR-FW2 (1336), AtGDH-FW1 (1412), and GT-DEF- Rev (865) primers (Table 2.3) 
were used in the GTA system. In both systems, the following components were used: 
 
Table 2.4 Components of the multiplex PCR system  
 
Template 50-150 ng genomic DNA or 1-10 ng 
plasmid DNA 
dNTPS mix   0.5 µl of 10 mM stock concentration 
Each forward primer 0.5 µl of 10 pmol stock concentration 
Reverse primer  1.5 µl of 10 pmol stock concentration  
10 x multiplex PCR buffer D (2.1.4) 2.5 µl  
Fast Start High Fidelity PCR enzyme 0.25 µl (2.5 units) 
DMSO 1 µl of 100% stock (4% final 
concentration) 
H2O Up to 25µl 
 
The thermocycler program was as follows: 
 
95 ˚C                                           2 mins 
 
95 ˚C                                           20 sec 
60 ˚C                                           20 sec 
72 ˚C                                           1 min 
 
72 ˚C                                           5 mins  
 4 ˚C                                            forever 
 
 
35 X 
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2.2.1.7 Restriction enzyme digestion 
Restriction and ligation reactions were performed as described in (Sambrook and Russel, 
2002). 
 
2.2.1.8 DNA sequencing 
 
Sequencing reactions were kindly performed by Jost Muth and colleagues at the Institute of 
Molecular Biotechnology, RWTH Aachen. 20 pmol of the used primers were added to 1.2-1.5 
µg of plasmid DNA and sequencing reactions were performed using the di-desoxy chain 
termination method with labeled nucleotides and a cycle sequencing protocol (Sanger et al., 
1977). 
 
2.2.1.9 Isolation of total RNA from plant leaves 
 
For the extraction of total RNA from transgenic A. thaliana leaves, frozen leaves were ground 
in liquid nitrogen to a fine powder with a mortar and/or pestle. Total RNA was extracted 
using 1 ml of Trizol (Table 2.2) per 150 mg leaf material, mixed for 5 min, and incubated 5 
min at room temperature. 0.1 vol of Bromchlorpropan was added to induce the separation of 
organic and aqueous phases. The suspension was then mixed for 1 min and incubated at room 
temperature for 10 min. The sample was centrifuged for 10 min (20000 x g/ 4°C). The upper 
water phase was carefully transferred to a new reaction tube, and then 1 vol isopropanol was 
added. The sample was mixed and incubated at room temperature for 10 min then it was 
centrifuged for 10 min (20000 x g/4°C). The supernatant was decanted and the RNA pellet 
was washed with 70% (v/v) ethanol followed by spin down (20000 x g/4°C/10 min). The 
sample was left some time at room temperature to dry then was resuspended in 30 µl bidest 
H2O and visualized on 1% agarose gel with ethidium bromide.  
 
2.2.1.10 First strand cDNA synthesis from RNA. 
 
The isolated total RNA samples from transgenic A.thaliana plants were digested with DNase 
enzyme to remove the genomic DNA. 1 unit of the DNase enzyme was added to 5 µl of the 
isolated RNA and then the reaction mixture was incubated at 37°C for 10-15 min. The DNase 
activity in the reaction mixture was stopped by incubating the sample at 65°C for 15 min. 1 µl 
from the sample was then visualized on 1% (w/v) agarose gel containing ethidium bromide to 
check whether the genomic DNA was digested or not and to be sure that the RNA was not 
affected. After that the cDNA was synthesized as follows: 2 µl from the isolated RNA sample 
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(about 100-800 ng) were mixed to 10 µl bidest H2O and 1 µl Oligo-dT 18 primer (10 
pmol/µl).  The reaction mixture was incubated 5 min at 65°C, cooled and 2 µl dNTPs, 4 µl 
MMLV-RT buffer (5 x reverse transcriptase buffer) and 1.5 units of reverse transcriptase 
enzyme (MMLV-RT) were added. Then the reaction mixture was incubated for 40 min at 
37°C. After that the enzyme activity was stopped by incubation at 65°C for 15 min. For 
negative samples, the enzyme reverse transcriptase was not added, i.e. in the negative 
samples, no cDNA should be synthesized but conditions are otherwise identical. The 
synthesized cDNA was used as a template for Real Time RT-PCR amplification. 
 
2.2.1.11 Real Time RT-PCR 
 
The quantitative or Real Time RT-PCR is used not only for the amplification of specific 
fragments of DNA but also for the quantitative analysis of the resulting products in each cycle 
throughout the amplification reaction. In this type of PCR, SYBR Green I is used to give the 
fluorescence signals that indicate the formation of double stranded DNA and as a result the 
amount of double stranded PCR product can be measured each cycle by this fluorescence. If 
fluorescence is plotted against cycle number, the accumulation of PCR products can be 
visualized on a sigmoidal curve. The melting temperature curves, which are formed as a result 
of plotting the first deviation of the fluorescence against temperature help in the identification 
of the products in addition to other functions (Meuer et al., 2001). The ABI-7000 (Applied 
Biosystems) was used for amplification of about 300 bps from the first strand cDNA that was 
synthesized from the isolated RNA from the transgenic plants. By this, it is possible to check 
the expression of the transgenes at the RNA level. The instructions in the qPCRTM Core Kit 
for SYBR® Green I (Eurogentec) were followed using reading frame specific forward and 
reverse primers. The resulting products from the Real Time PCR were visualized on 2% (w/v) 
agarose gel containing ethidium bromide. 
 
2.2.1.12 Analysis of transcript abundance 
 
RNA was isolated from transgenic plants (2.2.1.9) and first strand cDNA synthesis was 
performed as described above (2.2.1.10). Quantitative PCR reactions were performed on an 
ABI PRISM® 7700 Sequence Detection System (Applied Biosystems, Weiterstadt, Germany) 
following the manufacturer’s instructions. Amplifications were performed in the presence of 
SYBR Green as the fluorescent dye using 2% of a reverse transcription reaction as a template. 
Reaction kits were derived from Eurogentec (Cologne, Germany) and oligonucleotides were 
purchased from Metabion. For the detection of GCL, TSR and cTP-AtGDH transcripts, 
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forward primers were GCL-(cDNA2)-F-863, TSR-(cDNA2)-F-864 and AtGDH-(cDNA2)-F-
912 respectively (Table 2.3). The reverse primer for all these transcripts was GT-DEF- 
(cDNA2)-R-865 (Table 2.3). The final primer concentration in the reaction mixture for all of 
these transcripts was 500 nM. The MgCl2 concentration was always 2.25 mM and the dNTP 
concentration 200 µM. Amplification conditions were 10 min of initial denaturation at 95°C, 
followed by 40 cycles of each 15 sec denaturation at 95°C and 1 min combined annealing and 
extension at 60°C. 
 
2.2.2 Microbiological methods 
 
2.2.2.1 Culture of bacteria 
 
I) Escherichia coli 
E. coli was cultured in LB medium on a roller or shaker at 37°C. 
II) Agrobacterium tumefaciens 
A. tumefaciens was cultured in YEB medium at 28°C. 
 
2.2.2.2 Transformation of bacteria 
 
I) Preparation of competent E. coli (DH5α) cells for heat shock transformation 
A single colony from a LB plate containing competent bacterial colonies was inoculated into 
5 ml LB medium and incubated overnight at 37°C with continuous shaking (200 x g/min). 
200 ml LB medium were inoculated with 1 ml of the overnight culture. The cells were left to 
grow at the same conditions until the OD600 reached 0.5 - 0.6. Cells were spun down for 10 
min (4791 x g/4°C), then washed twice with 50 ml and 25 ml ice-cold TFBI (Table 2.2), 
respectively. The cells were then incubated on ice for 10 min and spun down by 
centrifugation for 10 min (4791 x g/ 4°C). The pellet was resuspended afterwards in 4 ml 
TFBII (Table 2.2) and 100 μl-aliquotes of the suspension were dispensed into prechilled 
Eppendorf tubes, frozen immediately in liquid nitrogen and stored at -80°C. 
 
II) Transformation of competent E. coli (DH5α) by heat-shock 
As soon as the competent cells were thawn, plasmid DNA (up to 100 ng) or 1-3 µl from the 
ligation products were mixed gently with the competent cells and then incubated on ice for 30 
min. The cells were incubated at 42°C for 90 seconds and placed directly on ice for 2 min. 1 
ml of LB medium was added immediately to the tubes containing the heat shocked bacteria. 
The transformed cells were incubated at 37°C for 45 min with continuous shaking (200 x g). 
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100 μl of the transformed cells were plated onto LB-agar plates supplemented with ampicillin 
and incubated at 37°C overnight. 
 
III) Preparation of competent Agrobacterium cells for electroporation. 
A single colony of Agrobacterium tumefaciens grown on YEB-agar plates containing 
100 μg/ml rifampicin (rif) and 25 μg/ml kanamycin (kan) (YEB-rif-kan) was inoculated in 
5 ml of YEB-rif-kan medium in a 100 ml Erlenmeyer flask and incubated at 28°C for two 
days with shaking (200 x g). 1 ml of the culture was transferred into 400 ml of YEB-rif-kan 
medium and the culture was incubated at 28°C for 15-20 h with shaking (200 x g) until the 
OD600 reached 1-1.5. The cells were chilled on ice for 15 min and spun down by 
centrifugation (4791 x g/4°C/5 min). The culture medium was decanted and the cells were 
washed three times with 100 ml, 50 ml and 25 ml HEPES buffer I (Table 2.2), respectively, 
and one time with 10 ml HEPES buffer II (Table 2.2). The cells were centrifuged (4791 x 
g/4°C/5 min) and resuspended in 500 μl of sterile HEPES buffer II (Table 2.2). 45 μl aliquots 
of the suspension were dispensed into prechilled eppendorf tubes, frozen immediately in 
liquid nitrogen and stored at -80°C. 
 
IV) Transformation of Agrobacterium by electroporation 
0.2-1.0 μg of plasmid DNA in dest. H2O was added to a thawn aliquot of Agrobacterium 
electrocompetent cells and incubated on ice for 3 min. The cell/DNA mixture was transferred 
into a prechilled electroporation cuvette (0.2 cm) and assembled into a safety chamber. After 
application of the pulse (25 μF/2.5 kV/200 Ω), the cells were diluted in 1 ml of YEB medium 
in a 2 ml eppendorf tube and incubated at 28°C with shaking (200 x g) for 2 h. Finally, 1-10 
μl of the cells were plated on YEB-agar medium containing 100 μg/ml rifampicin (rif), 25 
μg/ml kanamycin (kan) and 50 μg/ml carbenicillin (carb) (YEB-rif-kan-carb plates) and 
incubated at 28°C for 2-3 days. 
 
2.2.3 Biochemical methods 
 
2.2.3.1 Recombinant protein expression in bacteria 
 
The respective constructs were transformed into the bacterial strain ER2566 (2.1.6). For 
protein expression, a 2 L culture of LB-medium was grown up to an OD600 of 0.4. The 
expression of the proteins was induced by adding 1 mM IPTG and culture growth was 
continued for 2 h at 37°C. The cells were washed once in 10 mM potassium phosphate (pH 
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8.0) and were resuspended in the same buffer to give a 15-20% (v/v) cell suspension. After 
the cells were lysed by sonication on ice (40% duty cycle, 2 x 1 min, Sonicator Bandelin 
Sonopuls GM 70, Berlin), the cell extract was centrifuged for 30 min at 30000 x g. The 
presence of specific protein in the supernatant was tested by Western blot using an Anti-His-
HRP conjugate antibodiy (Qiagen) following the protocol provided by the supplier. 
 
2.2.3.2 Extraction of proteins from bacterial cells 
 
Proteins were extracted from bacterial cells either by ultrasonication or by lysozyme method. 
 
I) Ultrasonication method 
Single colonies of bacterial cells were inoculated into 5 ml LB medium with appropriate 
antibiotics and were grown overnight at 37°C. The overnight grown bacterial cultures were 
diluted 100 x and were grown until it reaches the logarithmic growth phase. 50 ml of bacterial 
culture from the logarithmic growth phase was centrifuged (4791 x g/4°C/10 min) to collect 
cells.  The resulting pellet was washed twice with 20 ml of extraction buffer, resuspended in 1 
ml of extraction buffer, and transferred to 2 ml eppendorf tubes for ultrasonication. Ultrasonic 
cell disintegration was performed on ice by 40% duty cycle, 2 x 1 min (Sonicator Bandelin 
Sonopuls GM 70, Berlin) with a 30 sec interval. The cell debris was pelleted by centrifugation 
(15000 x g/4°C/20 min). The supernatant was transferred to fresh tubes on ice and used for 
determinations of protein concentrations and enzymatic activities. 
 
II) Lysozyme method 
The bacterial cultures were grown in the same way as described for protein extraction by 
ultrasonication until OD600 reaches at the logarithmic growth phase. The cells were collected 
by centrifugation (4791 x g/4°C/10 min). The resulting pellet was washed twice with 
resuspension buffer (table 2.2) and resuspended in resuspension buffer containing 5 mg/ml 
lysozyme, 5 mM DTT and an appropriate amount of DNase. The cells were then incubated 
either at room temperature or on ice depending on further experiments. The cells debris was 
pelleted by centrifugation (30000 x g/4°C/20 min) and the supernatant was transferred to fresh 
tubes on ice and used for further analysis. 
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2.2.3.3 Extraction of proteins from plant leaves 
 
For the extraction of proteins from plant leaves, the frozen leaves were ground in liquid 
nitrogen to a fine powder with a mortar or pestles. 700 µl of protein extraction buffer (Table 
2.2) was added to the ground leaf materials followed by centrifugation (30000 x g/15 
min/4°C). The supernatant was taken in a 1.5 ml eppendorf tube and the centrifugation step 
(30000 x g/15 min/4°C) was repeated. The pellet was discarded and the supernatant was 
transferred into a new 1.5 ml eppendorf tube. The concentration of protein in the supernatent 
was measured using Bradford solution and the isolated protein was stored at an appropriate 
temperature. 
 
2.2.3.4 Determination of protein concentrations in leaf extracts 
 
Proteins were determined according to the method described by (Bradford, 1976). 2 µl of leaf 
protein extract was mixed with 1 ml of Bradford reagent (Table 2.2). After 15 min incubation 
at RT, the basic extinction at 595 nm was measured against a reagent blank prepared from 2 
µl of the corresponding extraction buffer and 1 ml of Bradford reagent. Bovine serum albumin 
pH 7.0 (Serva) was used as a standard in a range between 1 and 10 µg. 
 
2.2.3.5 Purification of proteins by Ni-NTA column 
 
A single colony of E. coli strain ER2566 harboring recombinant plasmid DNA was inoculated 
in 5 ml of LB medium containing 100 µg/ml ampicillin and incubated overnight at 37°C. 1 ml 
of the overnight culture was transferred into 1000 ml LB + Amp medium and cultured at 37°C 
to OD600nm of 0.4-0.6. The culture was induced for 1-3 h at the same temperature by addition 
of IPTG to a final concentration of 1 mM. Cells were harvested by centrifugation (4791 x 
g/4°C/10 min) and resuspended in 5 ml of cold protein lysis buffer. The cells were then 
disrupted by ultrasonication or lysozyme (2.2.3.2). The His-tagged protein of interest was 
affinity purified by IMAC. A 0.5 cm (diameter) x 20 cm (length) column (Bio-Rad) was 
packed with 150 µl of prosep chelating matrix (Ni-NTA agarose). The cleared supernatant 
was then applied to the column. Non-specifically bound proteins were removed by washing 
with 10 column vol of protein-wash-buffer I and protein-wash-buffer II (2.1.4). Ni-NTA 
bound His-tagged proteins were eluted using 3 x 100 µl of protein elution buffer. 
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2.2.3.6 Extraction of protein from SDS-PAGE 
To elute and purify specific protein fragments (10-150 kDs) from SDS-PAGE, the 
ProteoPLUSTM Kit (Q-BIOgene-France) was used according to the manufacturer’s 
instruction. 
 
2.2.3.7 Isolation of chloroplast from N. tabacum plant leaves 
 
5-10 g of leaves from 4 weeks old Arabidopsis plants were ground in 80 ml of ice-cold  
grinding buffer (GB) in an ultrathorax (1 x 10 sec; 75% power) followed by filtration through 
four layers of miracloth. The chloroplasts were pelleted by centrifugation at 10000 x g for 1 
min in a SS34 rotor (Sorvall). The resulting pellet was resuspended in 1 ml 1 x SH buffer. 1 
ml of 35% percoll-buffer was overlayed with 0.5 ml of resuspended chloroplast solution in a 2 
ml eppendorf tube followed by centrifugation for 3 minutes at 500 x g at 4°C. The supernatant 
was carefully taken off and the pellet was washed with 1 x SH and centrifuged at 4500 x g for 
1 min at 4°C. The washing step was repeated once more. The chloroplast protein was 
extracted by resuspending the chloroplast pellet in 500-800 µl of chloroplast extraction buffer 
(Table 2.2) then incubating the extracts on ice for 10 min. The extract was spun down at 
30000 x g for 15 min at 4°C. The extracted chloroplast protein either stored at – 80°C or used 
immediately for enzymatic assays. Catalase and fumarase assays were performed using 
chloroplast extracts in order to check the prsesnce of peroxisomal and/or mitochondrial 
contaminations within the extracted chloroplast proteins. 
 
2.2.3.8 Extraction of soluble and insoluble metabolites from N. tabacum leaves 
 
The  soluble and insoluble metabolites were extracted from leaf discs of A. thaliana according 
to (Stitt et al., 1989). 2 leaf discs (each 1.5 cm2) per plant were used for this purpose. The 
plant leaf discs were harvested in 2 ml eppendorf tubes and immersed immediately in liquid 
nitrogen. 1 ml of 80% (v/v) hot ethanol was added to the leaf discs. Samples were incubated 
15 min at 90°C in a heating block. The leaf discs were then transferred into a new 2 ml 
eppendorf tube containing 1 ml hot 80% (v/v) ethanol and incubated as before. The extracted 
leaf discs were then transferred into a new 2 ml eppendorf tube and were kept for starch 
extraction. Ethanol was evaporated either by incubation in a heating block at 90°C or dried in 
a vaccuspeed. The pellet was then resuspended in 500 µl bidest. H2O and was then spun 
down. Supernatant was collected and used for the determination of soluble sugars as glucose 
and fructose. For extraction of starch, 250 µl of 2 M KOH was added to the extracted leaf 
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discs (as described above). The leaf discs were then homogenized and 250 µl of 2 M KOH 
was added. The samples were then incubated at 95°C for 45 min. The samples were 
centrifuged and 400 µl from the supernatant were transferred into a new 2 ml eppendorf tube. 
900 µl of 1 M acetic acid were then added in order to have a pH of 4.8. Samples were then 
either stored at -20°C or used directly for measuring the starch content. The glucose, fructose, 
starch and sucrose contents were estimated enzymatically as described by (Stitt et al., 1989). 
The enzymatic assay tests were performed in 96 well microtiter plates and the OD340 change 
was measured via microplate spectrophotometer (spectra max 340 ELISA Reader, USA) 
(2.1.3). 
 
I) Determination of glucose and fructose content 
Glucose and fructose were extracted as described above (2.2.3.8) and were estimated 
enzymatically as follows: 20 µl from the previously extracted soluble metabolites were 
transferred into a microtiter plate well containing 180 µl of the glucose/fructose assay buffer 
(2.1.4) and the basic extinction (λ=340) was measured at 30˚C (blank; E0). Then 2 µl of 
HK/G6PDH (0.7 units hexokinase/glucose-6-phosphate dehydrogenase) (Table 2.1) were 
added. The microtiter plate was then incubated for 15 min at 37˚C and the basic extinction 
(λ=340) (E1) was recorded. 2.5 µl of PGI (1.75 units; phosphogluco-isomerase) (Table 2.1) 
were added to the tested samples. The plate was further incubated for 15 min at 37˚C and the 
basic extinction (λ=340) (E2) was recorded.  
 
II) Determination of starch content 
 For determination of starch contents, 100 µl from the starch extract (insoluble metabolites) 
were mixed with 400 µl of Na-acetate; pH 4.8 (Table 2.2). Then 1 unit of amyloglucosidase 
and 2 units of α-amylase (Table 2.1) were added to the assay mixture. Samples were then 
incubated 15 h at 50°C. During this incubation starch was converted into glucose equivalents. 
Samples were then spun down and 20 µl of the supernatants were used for measuring glucose-
equivalents as described above (2.2.3.8-I).  
 
III) Determination of sucrose content 
For estimation of sucrose contents, 100 µl from the soluble metabolite extract (2.2.3.8) were 
mixed with 100 µl of 100 mM citrate-NaOH buffer (Table 2.2). 2 µl of invertase (2 units) 
were added and the samples were then incubated at 37˚C for 1 h. 20 µl from this mixture were 
used for the determination of glucose-equivalents as described above (2.2.3.8-I).  
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The amounts of glucose, fructose, sucrose, and starch were estimated from the following 
equation: 
 
 
 
• ΔE340 = Eend – Eblank. 
• VK (L): Volume of the reaction mix (here, 0.0002 L) 
• VE (L): Volume of the metabolite extracts (here, 0.0005 L) 
• VP (L): Volume of metabolite sample in the reaction mix (here, 0.0002 L) 
• A (m2): the total area of leaf discs used (here, 0.0003 m2) 
• ε (L x mol-1 x cm-1): molar extinction coefficient 
• NADP+/NADPH: 6310 L x mol-1 x cm-1  
• NAD+/NADH: 6220 L x mol-1 x cm-1  
• d (Cocciolone et al.): the microtiter plate well length (here, 0.6 cm) 
 
2.2.3.9 SDS-Polyacrylamide Gel electrophoresis 
 
Discontinuous SDS-polyacrylamide gels (for the stacking gel: 5 % (w/v) 
acrylamide/bisacrylamide 29:1, 0.125 M Tris/HCl, pH 6.8; for the separating gel: 10 % (w/v) 
acrylamide/bisacrylamide 29:1, 0.375 M Tris/HCl, pH 8.8) were used for the separation of 
protein samples under denaturing conditions according to (Laemmli, 1970). The BIO-RAD 
MINI PROTEIN II apparatus was used for all gel electrophoresis. After preparation, each 
protein sample was mixed with 5 x SDS-PAGE-samples buffer (Table 2.2), boiled at 95°C for 
5 min, chilled on ice and spun down for 5 seconds. Then the boiled sample was loaded into 
submerged wells. 1 x SDS-PAGE electrophoresis buffer (Table 2.2) was used for the 
electrophoresis that was performed for 120 min at 120 V/cm. Separated proteins were 
visualized by gel staining with Coomassie brilliant blue (2.2.3.10) or transferred onto a 
nitrocellulose membrane for Western blot analysis (2.2.3.11) (Ausubel et al., 1994). 
 
2.2.3.10 Coomassie brillant blue staining 
 
Protein precipitation and non-specific protein staining with coomassie blue (Wilson, 1993) 
was used to visualize  protein bands. The separating gel was placed carefully in coomassie 
dye solution (2.1.4) and stained for 30 min at room temperature while shaking gently. Non-
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specific background staining was removed using coomassie-destaining solution overnight at 
room temperature. 
 
2.2.3.11 Western blot 
 
Electrophoretically separated proteins were transferred from a SDS-PAGE gel to a HybondTM-
ECLTM-nitrocellulose membrane (0.45 μm). A piece of nitrocellulose membrane was cut 
according to the gel dimensions and soaked in transfer buffer (Table 2.2) for few minutes. The 
opened gel holder was positioned in a way that the gray panel (cathode) lays flat on the 
bottom. Then a pre-soaked fiber pad was put on the gray panel of the cassette. Two pieces of 
transfer buffer saturated Whatman filter paper were placed on top of the fiber pad and overlaid 
with 5ml transfer buffer. The equilibrated gel was carefully transferred on top of the filter 
papers. The gel surface was covered with transfer buffer and the pre-wetted nitrocellulose 
membrane was put on the top of the gel. The surface of the membrane was submersed with 
buffer, the sandwich completed by placing two pieces of saturated Whatman filter papers on 
the top of the membrane and a saturated fiber pad was put on the top of the filter papers. A 
glass pipette was rolled over the top of the membrane to remove all air bubbles from the area 
between the gel and the membrane. The cassette setup was closed and the gel holder was 
transferred to the buffer tank so that the gray panel of the holder faced the black cathode 
electrode panel. The tank was filled with transfer buffer and placed in an icebox. Protein 
transfer was performed at 250 mA for 1 h. Upon completion of the protein transfer, the 
remaining free binding sites on the membrane were washed two times 10 min each with TBS 
buffer (Table 2.2) at room temperature then incubated 1h or over night in blocking buffer 
(Table 2.2) at 4°C. The blocked membrane was washed 4 times 10 min each at room 
temperature with TBS-Tween/Triton buffer (Table 2.2) and two times for 10 min each with 
TBS buffer then incubated in Anti-His HRP conjugate solution (Qiagen) containing 1/2000-
1/1000 dilution of antibody in blocking buffer (Qiagen) at room temperature for 1h. Then the 
membrane was washed 4 times for 10 min, each time with TBS-Tween/Triton buffer (Table 
2.2) at room temperature and 2 times 10 min each with TBS buffer (Table 2.2) at room 
temperature. Lumi-Light Western blotting substrate (lumi-light stable peroxide solution : 
lumi-light luminol/enhancer solution = 1:1 from Roche Diagnostics GmbH, Mannheim, 
Germany) was added and incubated in dark for 5 min then luminescence was recorded on a 
LAS3000 CCD camera (Raytest) according to the manufacturer’s recommendations. 
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2.2.3.12 Measurement of total glyoxylate content in N. tabacum plants 
 
The total glyoxylate content of A. thaliana plants was estimated spectrophotometrically by 
measuring the basic extinction at 324 nm (Lord, 1972). 100 mg frozen leaf material were 
ground in liquid nitrogen to a fine powder with a mortar or pestles. 270 µl of 1 M HClO4 were 
added and the pestles were washed with the same volume of 0.1 M HClO4. Samples were 
centrifuged (30000 x g/4 min). 470 µl from the supernatant were transferred into a new 
eppendorf tube containing 25 µl of 5 M K2CO3. The eppendorf tubes were kept opened for 5 
min in order to evaporate all the evolved gas (CO2). Samples were then centrifuged (30000 x 
g/4 min). 50 µl from the supernatant were transferred into a new eppendorf tube containing 
450 µl dest. H2O (10 x dilution). 50 µl of 12 M HCl were added to the diluted samples that 
were then incubated for 5 min at room temperature. 100 µl of 0.1 M phenylhydrazine·HCl 
were added and the samples were further incubated for 10 min at room temperature. The basic 
extinction at λ324nm was measured compared to a set of potassium glyoxylate standards. 
 
2.2.3.13 Measurement of chlorophyll content of N. tabacum plants 
 
The chlorophyll content was measured as described by (Nybom, 1955; Rau and Senger, 1965) 
as follows: 100 mg of fresh plant leaves were harvested in a 2 ml eppendorf tube and 
immediately frozen in liquid nitrogen. The leaf samples were ground and 1 ml of 80% acetone 
were added. Samples were vortexed vigorously then spun down (30000 x g/10 min). The 
basic extinction at 663, 645, and 440 nm corresponding to Chl A, Chl B, and Carotenoids 
respectively were measured. The amounts of Chl A, Chl B, and Carotenoids were estimated 
from the following equations:  
 
 
 
 
 
E440: The basic extinction of Carotenoids at 440 nm. 
E645: The basic extinction of Chl. B at 645 nm. 
E663: The basic extinction of Chl. A at 663 nm. 
 
 
 
 
Chl. A+B =  20.2 · E645  + 8.02 · E663. 
Chl. A  =  9.78 · E663 – 0.99 · E645. 
Chl. B  =  21.4 · E645  – 4.65 · E663 
Carotenoids =  4.69 · E440 – 0.268 (Chl. A – Chl. B) 
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2.2.3.14 Production of antibodies from chicken 
 
I) Production of anti- AtGDH900 antibodies 
The first 900 bps from the AtGDH coding sequence were cloned into pET22b(+) bacterial 
expression vector (2.1.10.8). The AtGDH900 protein was expressed in ER2566 bacteria 
(2.2.3.1). The AtGDH900 protein was purified by Ni-NTA affinity column as described before 
(2.2.3.5). 200 µg of the purified AtGDH900 protein was used for the immunization of chicken 
within 8 weeks. 50 µg of the AtGDH900 protein were mixed with 120 µl adjuvant and 
completed to 500 µl end volume with PBS buffer (2.1.3). This mixture was then injected into 
the muscle of the chicken chest. This immunization process was repeated 3 times each 2 
weeks interval. After 2 weeks from the last immunization process, the chicken eggs were 
collected and anti- AtGDH900 antibody was isolated from egg yolk. 
 
II) Isolation of total antibodies from egg yolk 
 In order to isolate the total antibodies from egg yolk, egg yolk was separated carefully from 
egg white. Egg yolk was then transferred into a glass measuring cylinder in order to determine 
its volume. Four yolk volumes of PBS buffer were added to the egg yolk and the mixture was 
stirred for 10 min. 3.5% (w/v) PEG-6000 was added to the previous mixture with continuous 
stirring. Samples were placed on ice then centrifuged (12000 g /20 min/ 4°C). The supernatant 
was filtered through 4 layers of miracloth then 8.5% (w/v) PEG-6000 was added in order to 
precipitate the antibodies. Samples were then centrifuged (12000 g /20 min/ 4°C). Supernatant 
was discarded and the pellet was resuspended in 2.5 yolk volumes ice-cold PBS buffer. 12% 
(w/v) PEG-6000 was added to the sample, stirring and centrifugation steps were repeated. 
Pellet was resuspended in 0.25 yolk volume ice-cold PBS buffer. In order to remove the PEG-
6000, 0.25 yolk volume of 50% ethanol was added and the sample was immediately 
centrifuged (15000 g /25 min/ 4°C). The supernatant was discarded and the pellet (containing 
the antibodies) was resuspended in 0.25 yolk volume PBS buffer. The concentration of the 
isolated antibodies was measured as described before (2.2.3.4). 50% (v/v) glycerol was added 
to the isolated antibodies and the antibodies were then stored at -80°C. 
 
2.2.3.15 Enzymatic assays 
 
I) Glyoxylate carboligase (GCL)/Tartronic semialdehyde (TSR) coupled assay. 
The GCL/TSR coupled assay was performed according to (Gotto and Kornberg, 1961)). The 
activity of both enzymes was assayed spectrophotometrically by measuring the rate of NADH 
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oxidation when these enzymes were incubated with glyoxylate, in the presence of the required 
cofactor Mg2+ ions and thiamine pyrophosphate. The complete system contained in 1 ml: 100 
mM potassium phosphate, pH 7.5; 5 mM MgCl2; 0.5 mM thiamine pyrophosphate; 0.2 mM 
NADH; 30 µg of chloroplast extract isolated from transgenic A. thaliana plants expressing 
GCL and TSR genes. OD340nm was recorded for 1-2 min after that the reaction was started by 
addition of 6 mM sodium glyoxylate. 
 
II) Glycolate dehydrogenase (GDH) assay 
Glycolate dehydrogenase activity was assayed according to (Lord, 1972)). Bacterial cell 
extract containing 100 µg of protein or  30 µg of chloroplast extract from transgenic plants 
were added to 100 µmoles of potassium phosphate (pH 8.0), 0.2 µmole of DCIP, 0.1 ml of 1% 
(w/v) PMS, and 10 µmoles of potassium glycolate. At fixed time intervals, individual assays 
were terminated by the addition of 0.1 ml of 12 M HCl. After standing for 10 min, 0.5 ml of 
0.1 M phenylhydrazine·HCl was added. The mixture was allowed to stand for a further 10 
min, and then the basic extinction due to the formation of glyoxylate phenylhydrazone was 
measured at λ324nm. 
 
III) Lactate dehydrogenase (LDH) assay 
Lactate dehydrogenase activity was assayed according to (Gutheil, 1998)). Cell extract 
containing 50 µg of protein was added to a 1 cm cuvette containing 4.8 mM NAD+ and 
1.0 mM D-lactate, in 0.1 mM Tris·HCl, pH 8.5, in a final volume of 1 ml and the activity was 
determined from the progress curve at λ340nm. As an inhibitor, 1 mM KCN was added to the 
reaction mixture before addition of the protein extract. 
 
IV) Catalase and Fumarase activity assays 
These two assays were performed in order to check the degree of purity of the isolated 
chloroplasts and mitochondria from A. thaliana plants (2.2.3.7). Catalase activity assay is an 
indicator for the presence of peroxisomes whereas fumarase assay is an indicator for the 
mitochondria.    
A) Catalase assay. 
Catalase assay was performed as described by (Aebi, 1984)). The catalase activity deals with 
the H2O2 formed in the peroxisomes during the oxidative convesion of glycolate to glyoxylate 
by the peroxisomal enzyme glycolate oxidase. Firstly the chloroplast extract was added to a 
quartz cuvette containing 2 ml of the sodium-potassium phosphate buffer (table 2.4) then 1 ml 
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1000 mol
min μg Protp mol
Av
c dε
⎡ ⎤Δ ⋅= ⎢ ⎥⋅ ⋅ ⋅⎣ ⎦in. µg protein 
of H2O2 was added. The OD240nm change per min was estimated. The catalase activity was 
calculated according to Lambert-Beer law as follows:  
 
 
 
vp    : The activity in mol min-1µg-1 
ΔA : The OD240 change per min. 
εmol: The molar extinction coefficient of H2O2 (3940 L mol-1 cm-1). 
 c  : protein concentration in µg ml-1 
d   : The length of the cuvette (1 cm). 
 
B) Fumarase assay 
Fumarase assay was performed as described by Hatch (1978). The fumarase activity deals 
with the conversion of L-malate to fumarate in the mitochondria. Firstly the chloroplast 
extract was added to a quartz cuvette containing 900 µl of the sodium-potassium phosphate 
buffer (table 2.5) then 100 µl of L-malate was added. The OD240nm change per min was 
estimated. The fumarase activity was calculated according to Lambert-Beer law as follow: 
 
 
 
vp    : The activity in mol min-1µg-1. 
ΔA : The OD240 nm change per min. 
εmol: The molar extinction coefficient of fumarate (2440 L mol-1 cm-1). 
 c   : protein concentration in µg ml-1. 
d   : The length of the cuvette (1 cm). 
 
2.2.3.16 Ammonia release assay 
 
The ammonia release assay was performed as described by (Gaunt et al., 1998)). 4 leaf discs 
from N. tabacum  plants (5 mg each) were harvested and placed in 4 wells of a microtiter plate 
containing 200 µl each of incubation medium (Table 2.2). As a blank, 4 wells containing only 
incubation medium were used. The tested samples were incubated under 100 Microeinstein 
light intensity for 6 h at 26°C. 20 µl from each well were transferred into a new microtiter 
plate containing 100 µl of reagent-I (Table 2.2). Samples were mixed and 100 µl of reagent-II 
(2.1.4) were added. Samples were then incubated at 37°C in dark for 15 min. The samples 
1000 mol
min μg Protp mol
Av
c dε
⎡ ⎤Δ ⋅= ⎢ ⎥⋅ ⋅ ⋅⎣ ⎦in. µg protein 
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were then incubated at room temperature for further 15 min. The presence of ammonium ions 
in the tested samples resulted in an emerald green to dark blue colour which was quantified by 
measuring the basic extinction at 655 nm in Microplate spectrophotometer (spectra max 340 
ELISA Reader, USA) (2.1.3) compared to a set of ammonium standards. 
 
2.2.4 Gas Chromatography – Mass Spectroscopy (GC-MS) 
 
The gas chromatography mass spectrometry is a coupled procedure for the regulation of gases 
and volatile substances. First a temporal separation of the compounds is reached by the gas 
chromatography. The mass spectrometer serves then for the detection of the components and 
permits additionally their identification on the basis of their mass spectrum. 
 
2.2.4.1 Gas chromatography 
 
Separation of substances in gas chromatography takes place on the basis of their molecular 
characteristics such as mass and polarity. Once the specimen injected into the injector port of 
the GC-MS instrument, it vaporizes immediately and then carried by a carrier gas through a 
capillary column to the detector port of the machine. The carrier gas is usually an inert gas (as 
Helium). The column is a metal tube, often packed with a sand-like material (modified 
polysiloxan) to promote maximum separation. As the sample moves through the column, the 
different molecular characteristics determine how each substance in the sample interacts with 
the column surface. The column allows the various substances to partition themselves. The 
time elapsed between injection and elution is called the retention time. The retention time can 
help to differentiate between some compounds. The separated substancs move to the end of 
the column into the detector port of the GC machine. Each component produces a specific 
spectral peak that is recorded electronically (see figure 2.23). 
 
Figure 2.9 Diagramatic representation of the GC-MS system 
 
MS-detector 
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The GC-MS machine is working with a standerd temperature program throughout the 
separating process as follows: 
Injector:   250°C 
Detector:   280°C 
Starting temperature:  70°C, 5 min 
Heating level:              5°C/min  
Ending temperature:   300°C, 1 min 
 
2.2.4.2 Mass Spectrometry (MS) 
The used mass spectrometer is involved in the GC-MS unit (2.1.3) as a detector. This mass 
spectrometer formed of an ionization source, a molecule accelerator, and a detector. Once the 
sample left the GC-column, it enters the ionization chamber where a beam of electrons is 
accelerated with a high voltage. The sample molecules are shattered into well-defined 
fragments upon collision with the high voltage electrons. Each fragment is charged and travels 
to the accelerator as an individual particle. In the acceleration chamber the charged particle's 
velocity increases due to the influence of an accelerating voltage. The charged particles travel 
in a curved path towards the detector. When an individual charged particle collides with the 
detector surface, several electrons (also charged particles) emit from the detector surface. 
These electrons accelerate towards a second surface, generating more electrons, which 
bombard another surface.  Each electron carries a charge.   Eventually, multiple collisions 
with multiple surfaces generate thousands of electrons which emit from the last surface. The 
result is an amplification of the original charge through a cascade of electrons arriving at the 
collector. At this point the instrument measures the charge and records the fragment mass as 
the mass is proportional to the detected charge. The MS unit produces the output by drawing 
an array of peaks, the "mass spectrum"(m/z).   Each peak represents a value for a fragment 
mass. Peak's height increases with the number of fragments detected with one particular 
mass.  In the current study, two different modes of the MS-scanning were used; Scan-mode 
and Single-Ion-Monitoring mode (SIM-mode). In the Scan-mode, the mass spectra (m/z) for 
all substances present in the tested sample are quantified. This type of scanning is used for 
qualification and quantification of all the sample components. This will result in an increase in 
the background as well as in the quantification results. For this, all the quantification 
experiments for glycine, serine and ribitol was done in SIM-mode. The mass spectra (m/z) for 
these components were identified by scanning a standard sample containing glycine, serine 
and ribitol in the Scan-mode of the GC-MS machine. Then the other quantification 
MATERIALS AND METHODS  56 
 
 
 
experiments were performed in the SIM-mode scanning. The main mass spectra for glycine 
were 147, 174, and 248, for serine were 116, 204, and 218, and for ribitol were 205, 217, and 
319.  
2.2.4.3  Preparation, derivatisation and injection of samples 
 
In the current study, the amounts of the amino acids glycine and serine in the leaves of A. 
thaliana were quantified. The samples were prepared according to (Roessner et al., 2000)) 
where 100 mg of leaves from  N. tabaccum  plants were harvested and freezed immediately in 
liquid nitrogen. The frozen leaves were ground in liquid nitrogen to a fine powder with a 
mortar. 300 µl pre-cold methanol was added. This methanol solution contains 16 µg Ribitol 
per 1 ml methanol as an internal standard of 25 ng end concentration to be injected into the 
GC-MS machine. Samples were vortexed and incubated for 15 min at 70°C. 200 µl 
chloroform was added and then the samples were vortexed vigorously. Then 400 µl dest. H2O 
was added and the samples were vortexed vigorously. The samples were then centrifuged 
(30000 x g) for 10 min. 200 µl from the aquous phase were taken and allowed to dry in the 
vaccuspeed (2.1.3). After the samples were completely dried, 20 µl pyridine was added.  In 
order to completely dissolving the dried pellets, the samples were incubated 1 h at 37°C. 
Because the volatility of amino acids is normally small and the separation of substance in GC-
MS occurred only in its gaseous phase, it was necessary to derivatize the samples before 
injecting it into the GC-MS system (see figure 2.10).  
 
 
Serine-N,N,O,O-TMS Glycine-N,N,O-TMS 
 
Figure 2.10 The complete trimethylsilylation of glycine and serine. 
The figure is showing the full-derivatisation state of the amino acid glycine and serine. Glycine-
N,N,O-TMS = Glycine-N,N,-bis-(trimethylsilyl)-trimethylsilylester; Serine-N,N,O,O-TMS = serine-
N,N,O-tris-(trimethylsilyl)-trimethylsilylester. 
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For derivatizing the samples, 35 µl of the N-Methyl-N-(trimethylsilyl) trifluoroacetamide 
(MSTFA) was added. Derivatization makes the substances more volatile. Samples were then 
incubated for 3 h at 70˚C.  At the same time, using of pyridine for dissolving the samples after 
drying is important. Pyridine acts as proton acceptor (Supelco, 1997); thus the reaction 
balance is directed toward the derivatization reaction.  
 
Finally, samples were spun down and 1 µl was injected into the GC-MS machine (2.1.3) using 
automatic sample injector (2.1.3). In order to determine the mass spectra of the substance of 
interest (glycine, serine or ribitol), a standard sample containing all the three substances was 
injected into the GC-MS machine and the scan-mode was used. The scan mode programm 
was as follow: 
01-10 min                             Solvent delay for maintaining the filament lifespan. 
10-30 min                             Main scanning. 
30-52 min                             MS-detector off. 
In the quantification of the amino acids”glycine and serine, the SIM-mode was used. The 
SIM-mode program was as follow: 
01-10    min                           Solvent delay for maintaining the filament lifespan. 
10-16.5 min                          Glycine scanning; m/t = 147, 174, and 248.   
16.5-20 min                           Serine scanning; m/t = 116, 204, and 218.  
20-30    min                           Ribitol scanning; m/t= 205, 217, and 319. 
30-52    min                           MS-detector off. 
 
2.2.4.4 Data interpretation 
 
The quantification analysis was done using the „HP chemstation“software as well as the 
agilent technologies software (2.1.3) provided with the GC-MS system. The maximum 
spectra, peak area and retention time were quantified via the auto-integration function of 
involved in this software. The real amounts of the single substances were calculated based on 
a series of standards (glycine and serine) and corrected by ribitol concentration in each 
experiment.  
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2.2.5 Gas-exchange and chlorophyll fluorescence measurements 
 
All gas-exchange and fluorescence measurements were carried out using the LI-COR® 
photosynthesis portable measuring device Version 5 (Lincoln, NE) (2.1.3). A leaf chamber 
fluorometer (LCF) together with an infrared gas analyzer (IRGA) was provided with the 
measuring device. The measurements were performed according to (Lipka et al., 1999) and  
(Pinelli and Loreto, 2003). The gas exchange characteristics of Arabidopsis leaves were 
measured using the previously described device at a leaf temperature of 20-25 °C. The air 
humidity was kept at 30-50%.  The rates of CO2 assimilation (A) and transpiration (E) as well 
as the intercellular CO2 concentrations (Ci) were calculated automatically by the software 
provided in the measuring device. Modulated chl.a fluorescence emission from the upper 
surface of the leaf was measured with a pulse amplitude modulation fluorometer that is 
included in the LCF unit of the measuring device. The quantum efficiency of electron flux 
through photosystem II (ФPSII) was estimated according to (Genty et al., 1989; Maxwell and 
Johnson, 2000)) from the ratio of (F’m - Fs)/ F’m (F’m is the maximum fluorescence and Fs 
is the steady state fluorescence). The rate of photosynthetic electron transport (ETR) was 
calculated from determinations of ФPSII as follows: ETR = ФPSII·I·F/2; where I equals the 
incident PFD (photon flux density) on leaf level and F the average light absorption factor of 
the leaf (F = 0.84). The electron requirement for CO2 assimilation (e/A) was assessed from the 
quotient of photosynthetic electron transport and the apparent rate of CO2 assimilation. The 
A/Ci-curve was estimated by measuring the assimilation rates (A) at different CO2 
concentrations (Ca) (here I used 40, 60, 80, 100, 150, 200, 250, 300, 350, 400, 500 and 600 
ppm). The post illumination burst (PIB) was measured according to (Atkin et al., 1998) where 
the plants were dark adapted overnight then plant leaf  was placed in the measuring device 
under a photorespiratory conditions (i.e. 1000 µmol photon m-2 s-1 , 100 ppm CO2). The plant 
leaf was left to be adapted to the measuring environment for 10 min. The plant leaf was 
allowed to achieve a steady-state rate of photosynthesis then it was suddenly darkened. As a 
result, a momentary rapid outburst of CO2 was recorded before the leaf achieved a steady-state 
dark respiration (Rn). The difference between this CO2 burst and Rn equals PIB. The 
assimilation rates were recorded continuously through out the measurements using a timed 
lamp automatic program as shown in Table 2.6.  
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Figure 2.11The PIB measuring protocol 
Time PAR Ca Measuring intervals 
180 sec 1000 µmol m-2 s-1 100 ppm 2 sec 
600 sec  0 µmol m-2 s-1 100 ppm 2 sec 
180 sec 1000 µmol m-2 s-1 100 ppm 2 sec 
 
PAR: Photosynthetic Active Radiation; Ca: The external CO2 concentration in the measuring 
chamber. 
  
2.2.6 Optimization of mitochondria isolation technique using percoll gradient 
centrifugation 
 
Mitochondria can be purified by continuous or discontinuous sucrose gradient, two polymer 
aqueous phase partition technique and percoll density gradient methods. Out of all these 
methods, aqueous phase partition is considered as the gentle method of organelle isolation. 
However, it requires long time and the resulting mitochondria are usually contaminated with 
peroxisomes. Percoll gradient is considered to be the most effective method for isolation of 
mitochondria free of chloroplasts and peroxisomes. 
 
2.2.6.1 Isolation of mitochondria from Cauliflower by two step gradient method 
5-10 gm of cauliflower was ground in 100 ml of Grinding buffer (GBM) in mixer at low 
speed .The extract was filtered through 4 layers of miracloth and centrifuged a centrifuged at 
20000 rpm for 30 mins in a SS34 rotor (Sorvall). The resulted organelle pellet was 
resuspended in mannitol wash buffer by brush and loaded on to a percoll step gradient 
consisting of 1:4:2 ratio, from bottom to top, of 40% percoll: 23% percoll: 18% percoll in 
mannitol wash buffer. The gradients were ultra centrifuged at 40000g (20000 rpm) for 45mins 
and mitochondria are present as a opaque broad band at the 23%:40% interface. This band 
was aspirated , concentrated  and washed by centrifugation at 15000g  for 15 mins and was 
then loaded on to a self forming gradient containing 28% percoll in sucrose wash buffer. After 
centrifugation at 40000 g (20000 rpm) for 45 mins, mitochondria banded near the bottom of 
the gradient and peroxisomes are banded at the top of the gradient. The mitochondrial band 
was aspirated, washed and concentrated by two centrifugation steps at 13000 rpm for 15 mins 
in mannitol wash buffer. Extract the mitochondrial and peroxisomal proteins by adding 
extraction buffer (EXM). Fumarase and catalase activity assays are performed to check the 
purity of the organelles mitochondria and peroxisomes. 
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2.2.6.2 Isolation of mitochondria from A. thaliana leaves by single step percoll gradient 
method 
 
1-2 gm of  leaves from 4 week old Arabidopsis plants were ground in 50 ml of Grinding 
buffer (GBM) in an ultrathorax (1 x 10 sec; 75% power).The extract was filtered through 4 
layers of miracloth and the chloroplasts are pelleted by low speed centrifugation at  2000 rpm 
for 5mins. Repeat the centrifugation step if the supernatant still contains the chloroplasts. The 
supernatant from the low speed centrifugation step was centrifuged at 20000 rpm for 30 mins 
in a SS34 rotor (Sorvall). The resulted organelle pellet was resuspended in mannitol wash 
buffer by brush and loaded on to a 40% continuous single percoll gradient. The gradients were 
ultra centrifuged at 40000g (20000 rpm) for 45 mins and mitochondria are present as an 
opaque broad band at the bottom of the gradient. Peroxisomes are banded at the top of the 
gradient. The mitochondrial band was aspirated, washed and concentrated by two 
centrifugation steps at 13000 rpm for 15 mins in mannitol wash buffer. Proteins from 
mitochondria and peroxisomes are extracted by using extraction buffer containing 10% 
glycerol (EXM). Catalase and fumarase activity assays for peroxisomes and mitochondria are 
performed. 
 
 
Mitochondria
Peroxisomes & Chloroplasts  
 
 
Figure 2.12 Picture showing the peroxisomal and mitochondrial fractions from A. 
thaliana leaves 
Single percoll density gradient was used to separate mitochondria from peroxisomes. The bottom 
fraction contains an opaque mitochondrial band and upper fraction contains the peroxisomal and 
chloroplasts. 
 
2.2.7 Plant culture, Generation and characterization of transgenic plants 
 
Stable transformation of tobacco through Agrobacterium-mediated transformation 
 
I) Preparation of Agrobacterium 
The constructs were transformed into Agrobacteria by electroporation and selected in 
appropriate antibiotics. A single positive colony (checked by PCR) was inoculated in 5 ml 
YEB medium containing appropriate antibiotics. The culture was grown for 2 days at 28°C 
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and used as a preculture. The preculture was diluted 100 x and inoculated in 100 ml YEB 
medium with appropriate antibiotics and was grown overnight at 28°C. The cells were spun 
down in falcon tube by centrifugation (4792 x g/20 min/4°C) from the overnight grown 
culture and resuspended in 100 ml induction medium followed by overnight incubation at 
28°C. The cells were pelleted in the morning by centrifugation (4791 x g/20 min/4°C) and 
resuspended in MMA medium to OD600 0.8. The culture was further incubated 1h at room 
temperature without shaking. 
 
II) Infiltration 
Wildtype tobacco plants were grown on MS medium in weck glasses. The youngest leaves 
(length up to 6 cm) from 6 weeks old plants were used for transformation. Each leaf was cut 
into 6-8 pieces (avoiding the midrib) and transferred into weck glasses (sterile) containing 50-
100 mL of agrobacteria suspension in MMA medium (see above) followed by incubation at 
room temperature for 30 minutes. The leaf pieces were transferred onto sterile water-wetted 
Whatman filters in plastic dishes, closed with saran wrap and incubated at 26-28°C in the dark 
for two days. The leaf pieces were washed with distilled water containing 100 µg/mL of 
kanamycin, 200 mg/ml of claforan and were transferred onto MS-II plates. The plates were 
closed with saran wrap and incubated at 25°C (16h light) for 3-4 weeks. 
 
III) Selection of transgenic plants 
After 3-4 weeks in the MS-II medium shoots were appearing from the infiltrated leaf pieces. 
The shoots were cut out and transferred onto MS-III plates containing appropriate antibiotics 
followed by incubation at the same conditions as described for MS-II medium. After 10-14 
days, while roots appeared from the shoot, the regenerants were transferred into weck glasses 
containing MS-III medium and were incubated (same conditions) until they could be 
transferred to soil (1-2 weeks). 
 
2.2.7.1 Growing of transgenic plants in a low CO2 environment 
 
A low CO2 plant growth unit (figure 2.25) was used for this purpose. This unit was designed 
by Christoph Peterhänsel, Ruben Rosenkranz and Rashad Kebieish, Biology I, RWTH-
Aachen .It was constructed and assembled by the mechanical workshop of the Institute for 
Biology I, RWTH Aachen. In this unit, ambient air (350-400 ppm CO2) was allowed to be 
pumped through a series of glass bottles containing Soda Lime (ROTH GmbH, Karlsruhe, 
Germany). The soda lime absorbed all the CO2 from the pumped air i.e. the output of this 
MATERIALS AND METHODS  62 
 
 
 
process is a CO2-free air. The CO2 free air was then mixed with ambient air supply in a ratio 
of 4/1 respectively (i.e. 20 L/h CO2-free air was mixed with 5 L/h normal air in order to get a 
final CO2 concentration of 100 ppm). The flow of CO2-free air and normal air was controlled 
via rotameters (ROTH GmbH, Karlsruhe, Germany). The 100 ppm containing air was then 
pumped into a plant growth chamber (2.1.3).  The temperature and light intensity inside the 
chamber was controlled (here temperature was 23˚C and light intensity was 80-100 
Microeinsteins). The plant growth chamber was adjusted with a short day growing conditions 
(i.e. 8 h light, 16 h dark). The CO2 concentration in the pumped air into the plant growth 
chamber was measured by CO2-Analyzer:  “BINOS IR-VIS/UV” (LEYBOLD) (2.1.3). In 
order to keep a suitable humidity for plant growth inside the chamber, the 100 ppm CO2 
containing air was allowed to pass through water before entering the plant growth chamber. 
The air inside the plant growth chamber was replaced every one hour in order to keep a 
constant CO2 concentration of 100 ppm around the growing plants. 
 
Mixer 
Gas analyzer 
Rotameters
Bottles containing Soda lime 
H2O 
Normal air pump 
Plant growth chamber 
 
 
 
Figure 2.13 Sketch illustrating the Low CO2 Plant growth unit 
This picture was taken from Rashad Kebeish, Ph.D Thesis, Institute for Biology I, RWTH Aachen. 
Red lines: represent normal air flow; Blue lines: represent CO2-free air flow; Green lines: represent 
100 ppm CO2 containing air flow. 
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3 Results 
 
3.1 A novel biochemical pathway aiming to increase CO2 refixation inside 
the chloroplasts 
 
Rubisco is a bifunctional enzyme that catalyses both the carboxylation and the oxygenation of 
ribulose-1,5-bisphosphate (RuBP). Carboxylation leads to CO2 fixation and formation of 
sugars in photosynthesis, whereas oxygenation leads to the loss of CO2 in photorespiration. 
The CO2 release in mitochondria during photorespiration results in 25% loss of the fixed 
carbon from glycolate. Moreover, NH3 is lost during this process has to be refixed. Therefore, 
a biochemical pathway from E. coli converting glycolate to glycerate was installed inside the 
plant chloroplasts. Installation of this pathway should result in short-circuiting the 
photorespiration avoiding loss of CO2 and NH3 in the mitochondria and CO2 release inside the 
chloroplasts. The additional advantages of the novel pathway are production of one extra 
molecule of NADP (H), no need of transporters and no ammonia production.  
 
The aim of the present study is to complete the biochemical pathway in N. tabacum plants in 
order to increase the refixation of photorespiratory CO2 release inside the chloroplasts. This 
should result in subsequent reduction of photorespiration and increase of photosynthesis. 
 
Figure 3.1 shows the novel pathway on the background of the photorespiratory pathway. The 
enzymes involved in the novel pathway are Tartronic Semialdehyde Reductase (TSR), 
Glyoxylate Carboligase (GCL) and NAD/ (P) dependent, oxygen-independent Glycolate 
Dehydrogenase (GDH) derived from E. coli. Phosphoglycolate produced by the oxygenase 
reaction of Rubisco is dephosphorylated to glycolate by phosphoglycolate phosphatase (PGP) 
which is present in the chloroplast. In the novel pathway, the glycolate is then converted to 
glyoxylate by glycolate dehydrogenase (GDH). Two molecules of glyoxylate are condensed 
in a reaction catalyzed by glyoxylate carboligase (GCL), which simultaneously 
decarboxylates the condensation product to tartronic semialdehyde. In this reaction, CO2 is 
released because of the decarboxylation reaction. Tartronic semialdehyde is reduced to 
glycerate by the enzyme tartronic semialdehyde reductase (TSR). Glycerate is subsequently 
phosphorylated to glycerate-3-phosphate by glycerate kinase (GK) which is present in the 
chloroplast of C3 plants. In the final step, glycerate-3-phosphate enters into the Calvin cycle, 
where it is used in the biosynthesis of carbohydrates and in the regeneration of RuBP.   
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Two of the enzymes involved in the novel pathway, Tartronic Semialdehyde Reductase 
(TSR), Glyoxylate Carboligase (GCL) are derived from E. coli. The first enzyme of the novel 
pathway, glycolate dehydrogenase is derived from A. thaliana (AtGDH). AtGDH metabolizes 
glycolate in the same way as bacterial GDH (EcGDH). EcGDH is made up of three protein 
subunits that are encoded by three different open reading frames called glcD, glcE and glcF in 
the glycolate dehydrogenase operon.  AtGDH is localized in the mitochondria of A. thaliana 
plant cells (Bari et al., 2004). Therefore, the endogenous mitochondrial targeting sequence of 
AtGDH was replaced by a chloroplast transit peptide (cTP). 
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Figure 3.1 Schematic Representation of the photorespiratory pathway (black) in C3 
plants and the novel pathway (red) for the conversion of glycolate to glycerate      
The oxygenase reaction of Rubisco results in the formation of P-glycerate and P-glycolate. P-glycolate 
is dephosphorylated by PGP forming glycolate that is oxidized by GDH to form glyoxylate. Two 
molecules of glyoxylate are condensed by GCL forming tartronic semialdehyde and CO2 is released in 
the chloroplast. Tartronic semialdehyde is then reduced by TSR forming glycerate. Glycerate is 
phosphorylated by GK to form P-glycerate that is used directly for carbohydrate biosynthesis through 
the Benson Calvin cycle. PGP = phosphoglycolate phosphatase; GDH = glycolate dehydrogenase; 
cTP-AtGDH = A. thaliana glycolate dehydrogenase fused to a chloroplast targeting peptide (cTP); 
GCL = glyoxylate carboxyligase; TSR = tartronic semialdehyde reductase; GK = glycerate kinase. 
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Three genes namely AtGDH, TSR and GCL that are required to establish the pathway inside 
the chloroplast of C3 plants are highlighted in Figure 3.1. in red. Transgenic plants expressing 
the last two genes of the pathway GCL and TSR (named as GT plants) were generated before 
by Rafijul Bari, Institute for Biology I, RWTH Aachen. In order to complete the above 
pathway inside the chloroplast of the C3 plant, Nicotiana tabacum, the first gene (AtGDH) is 
transformed into GT plants and also wild type plants as a control. Transgenic plants 
expressing AtGDH are named as AtGDH plants. Similarly, transgenic plants expressing GCL, 
TSR and AtGDH are considered as GTA plants. The influence of the novel pathway on the 
suppression of photorespiration and increase in photosynthetic performance of transgenic 
plants will be explained in the next chapters.  
 
3.2 Establishment of E. coli GCL, TSR and AtGDH activity in N. tabacum 
chloroplasts 
 
3.2.1 Generation of N. tabacum transgenic plants overexpressing novel glycolate 
pathway genes 
 
The cTP-AtGDH gene in translational fusion to a His-tag was cloned into the plant expression 
vector by Rashad Kebeish, Institute for Biology I, RWTH Aachen, Germany, 2006. The 
details of the plasmid construct are described in the materials and methods chapter (2.1.10.5). 
Stable transformation of  GT plants and wild type (Nicotiana tabacum L. cv. Petit Havana 
SR1) plants with the construct carrying cTP-AtGDH gene was carried out by traditional 
Agrobacterium mediated transformation of tobacco leaf discs (Horsch et al., 1985). 
Transformation of wild type N. tabacum plants with cTP-AtGDH gene helps to study the 
effects that could appear due to the expression of a single gene inside the plant chloroplast.   
 
3.2.2 Analysis of GTA transgenic plants at the DNA level 
 
Multiplex PCR system was performed to test the presence of genes at the DNA level in GTA 
transgenic plants (2.2.1.6). This was used as an additional test besides the antibiotic selection 
of transgenic GTA plants. The transgenic GTA plants were selected on kanamycin (for GCL 
and TSR genes) and sulfadiazine (for AtGDH gene) antibiotics.  
 
Figure 3.2 shows the results of the multiplex PCR using genomic DNA isolated from the T2 
generation of GTA4 transgenic plants selected on appropriate antibiotics. A mixture of GTA 
plasmids DNA (pTRA-K-rbcS1-cTP-TSR.His, GCL.His and pSuper-PAM-Sul-rbcS1-cTP-
AtGDH) was used as positive control (lane 13 in Figure 3.2). Most of the plants show positive 
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signals for the genes of interest (GCL, TSR and AtGDH), for example all lanes from 2 to 12 
except 5 and 11 in Figure 3.2. Few other plants showed only signals for GCL and TSR genes 
(lane 11 in Figure 3.2) or AtGDH gene (lane 5 in Figure 3.2). Therefore, The GTA multiplex 
PCR system helps in identifying the transgenic plants containing all the three genes at the 
DNA level in a single PCR.  
 
 
 
 
 
 
 
 
 
Figure 3.2 Multiplex PCR for GTA transgenic plants 
Shown is the ethidium bromide mediated fluorescence of GTA multiplex PCR products after UV 
excitation. The multiplex PCR products were subjected to a 2% (w/v) agarose gel in 1 x TAE buffer 
for 120 min at 70 V. Three different bands of the expected size range corresponding to GCL (259 bps); 
TSR (640 bps) and AtGDH (380 bps) are obtained. Lane 1 = Lambda Pst I digested DNA marker; 
Lane 2-12 = GTA4 sister plants, Lane 13 = GTA plasmid DNA mixture used as positive control and 
Lane 14: negative control 
 
3.2.3 Expression level of GCL, TSR and AtGDH in GTA transgenic plants 
 
The previous experiment showed that GTA plants contain the genes GCL, TSR and AtGDH at 
the DNA level. Therefore, these GTA transgenic plants were tested for gene expression on the 
RNA level using Real-time RT-PCR. Around 23 plants were tested at the RNA level in the T1 
generation and varying expression levels for all genes were detected. Three GTA plants 
showed expression for GT genes (i.e. GCL and TSR) but not for AtGDH (data not shown).  
 
Figure 3.3 shows the accumulation of AtGDH (black bars), TSR (grey bars) and GCL (white 
bars) transcripts in the T2 generation of GTA4 and GTA9 transgenic lines. Different amounts 
of a mixture of GTA plasmids DNA (pTRA-K-rbcS1-cTP-TSR.His, GCL.His and pSuper-
PAM-Sul-rbcS1-cTP-AtGDH) were used as a standard to compare the expression levels. Most 
of the tested plants showed varying expression levels for all the three genes as GTA4.9, 
GTA4.8, GTA4.3 and GTA9.2 (Figure 3.3), whereas some of the tested plants show only 
expression of GCL and TSR as GTA9.3.  
1    2     3    4    5    6    7     8    9   10   11  12  13  14 
AtGDH 
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Figure 3.3 GCL, TSR and AtGDH expression level in GTA transgenic plants 
The amount of AtGDH, GCL and TSR mRNA was measured from T2 GTA plants by Real-Time RT-
PCR. Expression level values were calculated in arbitrary units by comparison to a standard containing 
a dilution series of GTA plasmid DNA mixture. Each value is the relative accumulation of the 
respective RNA compared to the plasmid levels measured in the preparation. Black bars = cTP-
AtGDH; Grey bars = TSR; White bars = GCL. GTA 4 and 9 are two different independent transgenic 
lines. 
 
Based on these results, it can be concluded that the transgenic GTA plants express all the 
necessary genes involved in the novel pathway and also GTA lines with varying expression 
levels can be obtained. 
 
3.2.4 Expression level of AtGDH in N. tabacum plants 
 
The expression of AtGDH in transgenic plants was mainly tested at the RNA level using Real 
Time RT-PCR. Total 7 transgenic plants for AtGDH were tested at the RNA level in T1 
generation. Out of 7, 5 lines expressed AtGDH and the other two did not express AtGDH 
gene. These 5 plants showed varying expression levels for AtGDH (data not shown).  
 
Figure 3.4 shows the accumulation of AtGDH transcripts in the T2 generation of three 
independent AtGDH lines namely 2, 3 and 14. Most of the tested plants show varying 
expression levels of AtGDH (AtGDH 2.1, 2.4, 2.14 and 3.4 in Figure 3.4).  Some of the plants 
show more or less similar expression levels (AtGDH 14.4, 14.6 and 14.8) as shown in Figure 
3.4. Based on these results, it can be concluded that the transgenic plants were expressing 
AtGDH and the expression level varies among the different transgenic AtGDH lines. 
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Figure 3.4 AtGDH expression level in transgenic plants  
The amount of AtGDH mRNA was measured by Real-Time RT-PCR and calculated in arbitrary units 
by comparison to a standard with dilution series of a GTA plasmids DNA mixture. Each value is the 
relative accumulation of the respective RNA compared to the plasmid levels measured in the 
preparation. AtGDH 2, 3 and 14 are the different independent lines obtained from transformation. 
 
3.2.5 Analysis of AtGDH expression on protein level with AtGDH900 antibody 
 
The previous result showed an RT-PCR analysis indicating expression of AtGDH at the RNA 
level in plants transgenic for AtGDH. In addition to RT-PCR, an anti-AtGDH900 antibody was 
generated in chicken to detect AtGDH expression on the protein level. Two different N-
terminal fragments of AtGDH (1300 bps and 900 bps in length) were cloned into pET vector, 
transformed into E.coli ER 2566 and the protein expression was detected by anti His antibody 
(data not shown). As truncated fragments of AtGDH (AtGDH900) protein was expressed to 
high level compared to full length AtGDH protein, AtGDH900 was used for immunization. The 
expressed AtGDH900 protein was purified and injected into chicken as described in materials 
and methods chapter (2.2.3.14). 
 
Western blot analysis was performed to see whether the antibody can detect bacterial and 
plant AtGDH proteins. Figure3.5 shows the result of the western blot analysis of the total 
soluble proteins isolated from bacterial extracts containing AtGDH and transgenic plants 
overexpressing AtGDH. 
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Figure 3.5 Detection of bacterial AtGDH protein with anti-AtGDH 900 antibody 
The figure shows the Lumi Light mediated light emission of proteins in a Western Blot analysis. 15 µg 
of total soluble bacterial extracts were separated on a 10 % SDS-PAGE gel and transferred to a 
nitrocellulose membrane. AtGDH protein was detected using an anti-AtGDH900 antibody that was 
detected with a secondary antibody (Goat anti-chicken). Luminescence was recorded on a LAS3000 
phospho CCD camera for 5 mins. Lane1 = BOA protein marker; Lane2 and 4 = total soluble protein 
extracted from pET-AtGDH900 bacteria; Lane5 = DOF2, unrelated protein; Lane6 = pET-AtGDH 
soluble protein; Lane7 = BSA500ng; Lane8 = pET-AtGDH-TP bacterial soluble protein; Lane9 = 
GlcD1100 soluble protein and Lane10 = soluble protein from plants over expressing AtGDH. 
 
BOA marker was used to determine the molecular mass of the protein molecules. In lane 2 
and 4, protein isolated from bacteria overexpressing AtGDH 900 was used as a positive control  
A single band corresponding to the expected size of ~ 25 kDa was observed in both lanes. In 
lane 3, protein isolated from bacteria overexpressing the empty pET vector was used as a 
control. A single band was observed which is higher than ~ 25 kDa as the antibody showed 
cross reaction with some other protein expressed in pET vector. In lane 6 and 8, proteins 
isolated from bacteria overexpressing from full length AtGDH protein in pET-AtGDH and 
pET-AtGDH-TP (AtGDH with chloroplast targeted transit peptide) were used. Three bands 
were observed and one prominent band showed the same size as the band detected in empty 
pET vector control. In lane 5, 7 and 9 DOF2, BSA and GlcD1100 soluble proteins were used 
and cross reaction observed with DOF2, one of the unrelated proteins (lane 5 in Figure 3.5). 
However, detection of DOF2 protein in lane 5 is due to loading of ~10 times more amount of 
protein. In lane 10, soluble protein extracted from plants over expressing AtGDH was used.  
No band was visible in lane 10 showing that the AtGDH900 antibody could not detect plant 
AtGDH protein. Based on this result, it can be concluded that AtGDH900 antibody helps only 
in detecting bacterial AtGDH protein and show only weak cross reactivity with unrelated 
proteins. 
 
1     2       3      4     5      6      7      8       9      10 
~25kDa  
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3.2.6 Expression level of GCL and TSR in GT transgenic plants 
 
As mentioned in 3.1, the GT plants were generated by Rafijul Bari, Institute of Biology I, 
RWTH Aachen. The T1 generations of these GT plants were tested for the expression of GCL 
and TSR genes at the RNA level using Real time RT-PCR. These plants were used for further 
biochemical and physiological analyses along with AtGDH and GTA transgenic plants.  
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Figure 3.6 GCL and TSR expression in GT transgenic plants 
The amount of GCL and TSR mRNA was measured from the T2 generation of GT plants by Real-Time 
RT-PCR. Expression level values were calculated in arbitrary units by comparison to a standard 
dilution series of a GTA plasmids DNA mixture. Each value is the relative accumulation of the 
respective RNA compared to the plasmid levels measured in the preparation. Grey bars = TSR and 
White bars = GCL.  
 
Figure 3.6 shows the accumulation of GCL (white bars) and TSR (grey bars) transcripts in the 
T2 generation of two different independent lines, GT9 and GT15. These plants showed 
varying expression levels for TSR and GCL when compared to their sister plants. However, 
there is a good correlation of GCL and TSR expression was observed within the individual 
plants. Therefore, it can be concluded that GT plants were able to express GCL and TSR 
genes to similar levels in case of individual plants. 
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3.2.7 AtGDH protein isolated from chloroplasts of transgenic plants is active in vitro 
 
From the previous experiment it was clear that, GTA and AtGDH transgenic plants express 
the respective genes at the RNA level. Therefore, it was deicided to measure the activity of 
AtGDH at the protein level. Glycolate dehydrogenase (GDH) and D-lactate dehydrogenase 
(D-LDH) assays were used to measure the activity of AtGDH in vitro. 
 
3.2.7.1 D-Lactate dehydrogenase (DLDH) assay 
 
Besides glycolate, AtGDH also oxidizes D-Lactate and is sensitive to the presence of cyanide 
ions. Therefore, KCN was used as a control in the activity assay. Chloroplasts were isolated 
(2.2.3.7) from 6 weeks old plants transgenic for AtGDH and GTA in addition to wild type 
plants.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 DLDH assay from WT and transgenic plants 
Chloroplast protein extracts isolated from WT as well as AtGDH and GTA plants were tested for D-
LDH activity. Each data point shows the amount of NADH produced per minute and is based on at 
least three independent experiments. Vertical bars show standard deviations. Black bars = -KCN; 
White bars = +KCN; WT, AtGDH and GTA = chloroplast extracts isolated from wild type, AtGDH2 
and GTA4 plants, respectively. 
 
Figure 3.7 shows the results of the D-LDH assay from the isolated chloroplast proteins of 
transgenic plants for AtGDH and GTA. Chloroplast protein extracts of transgenic AtGDH 
plants show approximately 3-fold higher activity than chloroplast extracts from WT plants in 
the absence of KCN (black bars in Figure 3.7). Similarly, chloroplast extracts GTA transgenic 
plants show a 2- fold higher activity than WT chloroplast extracts. This activity is inhibited in 
all the chloroplast extracts to more or less similar extent in the presence of KCN (white bars in 
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Figure 3.7). The little background in WT chloroplasts extracts might be due to the presence of 
other enzymes that can use NAD+ as cofactor and also other enzymes, which are sensitive to 
cyanide. However, the activity of WT is almost zero if the KCN background was substracted 
and therefore plants transgenic for AtGDH and GTA show 6 and 4 folds of activity 
respectively. This leads to conclusion that AtGDH protein in the chloroplasts of AtGDH and 
GTA transgenic plants is active in vitro. 
 
3.2.7.2 Glycolate Dehydrogenase (GDH) assay 
 
In the GDH assay, AtGDH oxidizes glycolate to glyoxylate which reacts with 
phenylhydrazine to form glyoxylate phenylhydrazone. The similar reaction, oxidation of 
glycolate is also carried out by peroxisomal glycolate oxidase (GO). However, peroxisomal 
GO is not sensitive to cyanide. In contrast, AtGDH is cyanide sensitive as mentioned above. 
Therefore cyanide is used as a control in the GDH activity assay to differentiate the activity of 
peroxisomal GO and plastidal GDH.  
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Figure 3.8 GDH assay from WT and transgenic plants 
Chloroplast protein extracts isolated from 6 weeks old WT plants as well as from plants transgenic for 
AtGDH were tested for glycolate dehydrogenase activity. Each data point shows the amount of 
glyoxylate formed per minute. Black bars = -KCN; White bars = +KCN; WT and AtGDH = 
chloroplast extracts isolated from wild type and plants transgenic for AtGDH2, respectively. 
 
GDH assay was also performed using chloroplast extracts isolated from 6 week old wild type 
and AtGDH transgenic plants. Figure 3.8 represents the results from the GDH assay using 
chloroplast protein extracts. Chloroplast extracts isolated from plants transgenic for AtGDH 
show an approximately 2-fold higher activity than chloroplast extracts from WT plants in the 
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absence of KCN (black bars in Figure 3.8). This activity is reduced to similar background 
levels in the presence of KCN (white bars in Figure 3.8) when compared to WT extracts. This 
background may be due to little peroxisomal (presence of GO) contamination during the 
isolation and extraction of chloroplast proteins. The difference in the activity levels in 
chloroplast extracts isolated from plants transgenic for AtGDH should be due to the presence 
of AtGDH protein in the tested samples.  
 
By combining this result with the above DLDH assay result, it can be clearly concluded that 
AtGDH protein in the chloroplasts of transgenic plants is active in vitro.  
 
3.3 Photosynthetic performance of transgenic plants 
 
Overexpression of novel pathway genes inside the plant chloroplasts should result a change in 
photosynthetic performance compared to wild type plants. Therefore, gas exchange 
measurements including postillumination burst (PIB) and apparent CO2 compensation point 
(Г) were measured. 
 
3.3.1 Postillumination burst (PIB) as a marker for the rate of photorespiration 
 
When C3 plants are exposed suddenly to darkness after a period of illumination, a momentary 
rapid outburst was observed before the plant reaches a steady state dark respiration (Rn). This 
transient CO2 outburst is considered as postillumination burst (PIB) (Atkin et al., 1998). 
Therefore, PIB is considered as a measurement for the photorespiratory CO2 flow in C3 plants.  
 
PIB was measured using LI-COR 6400F, a portable photosynthesis measuring device. The 
postillumination burst was calculated as shown in Figure 3.9A. PIB equals the difference 
between the maximum CO2 release after 20-120 seconds from switching off the light and the 
amount of CO2 release during steady-state dark respiration (Rn).  
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Figure 3.9 Measurement of postillumination burst from transgenic plants. 
Shown are time courses of net CO2 exchange from a wild type N. tabacum plant leaf under 1000 µmol 
photons m-2 s-1, 350 flow and 100 ppm CO2. (A) A typical CO2 response curve measured to determine 
postillumination burst. (B and C) = Average values and standard errors of PIB from WT and different 
transgenic plants of first and second independent lines. Each value represents the PIB and is based on 
at least three independent measurements of four independent plants for each line. Vertical bars show 
standard error. WT = wild type; AtGDH = plants expressing cTP-AtGDH; GTA = plants expressing 
GCL, TSR and cTP-AtGDH and GT = plants expressing GCL and TSR. 
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Figure 3.9B and 3.9C showed the rate of postillumination burst measured from two different 
independent transgenic lines of AtGDH, GTA and GT including WT plants. GT plants show 
more or less similar values compared to WT plants. AtGDH transgenic plants show a decrease 
in the amounts of CO2 release during photorespiration as indicated by their reduced PIB 
values compared to WT plants (AtGDH in Figure 3.9B). GTA plants show reduced PIB values 
compared to than AtGDH plants (GTA in Figure 3.9B). This means that decrease in PIB is 
enhanced by expression of all novel pathway genes inside plant chloroplasts.  
 
The difference in the PIB value of WT from Figure 3.9B and 3.9C might be due to the 
difference in the age, development of plant leaves and also time of the measurements during 
the day. Two independent experimental series were conducted with two different independent 
transgenic lines to see whether the effect is due to overexpression of genes or due to 
integration site of the transgenic genes. 
 
Similar tendency for PIB results were shown by second independent lines of plants transgenic 
for AtGDH, GTA and GT (Figure 3.9C). GTA plants showed lowest PIB values compared to 
the other tested plants (GTA Figure 3.9C). This leads to the conclusion that the decrease in 
PIB values is not due to the integration site but due to the overexpression of the respective 
genes. Based on this result, it can be concluded that the novel pathway is capable of reducing 
the photorespiratory flow in N. tabacum transgenic plants of AtGDH and GTA. 
 
3.3.2 Determination of the apparent CO2 compensation point (Г) 
 
The apparent CO2 compensation point is the CO2 concentration at which the amount of CO2 
fixed in photosynthesis equals to the amount of CO2 released from the plant by 
photorespiration and respiration. The apparent compensation point was measured from WT 
plants as well as transgenic AtGDH, GTA and GT plants by measuring their photosynthetic 
rates at different leaf internal CO2 concentrations (A/Ci curve) as described in the materials 
and methods chapter (2.2.5). Г was calculated as the crossing point of the measured A/Ci 
curve with the X-axis.  
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Figure 3.10 Fluorescence A/Ci curve measurements from WT and transgenic plants 
Shown are A/Ci curves measured from 6-8 weeks old WT, AtGDH, GTA and GT plants under 
illumination with 1000 µmol photons m-2 s-1 and different external CO2 concentrations (600, 500, 450, 
400, 350, 300, 250, 200, 150, 100, 80, 60 and 40 ppm CO2). (A) and (B) represents the fluorescence 
A/Ci curves measured from first and second independent transgenic lines of AtGDH; GTA; GT and 
wild type plants. Each value represents the assimilation rate and is based on at least 4 independent 
measurements from 4 sister plants for each line. Vertical and horizontal bars show standard errors. (A) 
= Assimilation rate; (Ci) = internal CO2 concentration in the leaf intercellular spaces; WT = wild type; 
AtGDH = plants expressing cTP-AtGDH; GTA = plants expressing GCL, TSR and cTP-AtGDH and 
GT = plants expressing GCL and TSR.  
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Figure 3.10A and 3.10B represents A/Ci curves of WT and two different independent 
transgenic AtGDH, GTA and GT plants. The photosynthetic rate or assimilation (A) value 
increases with the increase of CO2 concentration and reaches a steady state level A/Ci curve. 
The maximum photosynthesis or assimilation (A) value in WT plants is ~15 µmol CO2 m-2 s-1. 
The WT and GT plants showed more or less similar values for photosynthesis in A/Ci curves 
(WT and GT in Figure 3.10A) and can be observed as one group. AtGDH and GTA transgenic 
plants showed higher values of assimilation in A/Ci curves than WT plant A/Ci curve 
(AtGDH and GTA in Figure 3.10A). The A/Ci curves of these two transgenic plants can be 
considered as another group, clearly showing higher assimilation values. 
 
In Figure 3.10B, WT shows highest A value of ~12 µmol CO2 m-2 s-1. The variation of 
photosynthetic rate (A) from Figure 3.10A and 3.10B experiments in WT plants can be due to 
differences in age of plant and these are two different independent measurements. Therefore, 
always the measurements of transgenic plants were compared with the respective wild type 
plants.  
 
Second independent lines of transgenic AtGDH and GTA plants showed higher assimilation 
or photosynthetic rate compared to wild type plants (AtGDH and GTA in Figure 3.10B). 
However, second independent line of GT transgenic plants showed lower assimilation values 
compared to the other tested plants (GT in Figure 3.10B). 
 
The apparent compensation points (Г) of wild type N. tabacum and the tested transgenic 
plants are listed in Table 3.1. In both independent experimental series, WT plants showed very 
similar Gamma values slightly below 70 ppm in spite of the clearly different maximum 
photosynthetic rates. WT plants show higher compensation point compared to the plants 
transgenic for AtGDH and GTA. Plants transgenic for GT show more or less similar values of 
compensation point compared to their WT counter parts. AtGDH plants have the lowest 
compensation point (Plants I in Table 3.1). The GTA transgenic plants show little higher 
compensation point values compared to AtGDH plants but less compensation point values 
than wild type.  
 
Similar tendency for the values of compensation point were shown by the second independent 
transgenic lines of AtGDH and GTA plants compared to their WT counterparts (Plants II in 
Table 3.1). In both the cases, AtGDH plants show lowest compensation values to than other 
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transgenic plants. GT plants show similar values of compensation point compared to WT 
plants.  
 
Table 3.1 The apparent CO2 compensation point (Г) of WT and transgenic plants 
Shown are the apparent CO2 compensation points measured from 6-7 weeks old wild type and 
different transgenic plants. Plant I and Plant II represents the two different independent lines of 
transgenic plants in two series of measurements. WT = wild type; AtGDH = plants expressing cTP-
AtGDH; GTA = plants expressing GCL, TSR and cTP-AtGDH and GT = plants expressing GCL and 
TSR. 
 
 
 ± = Standard error; * denotes P<0.1 
 
Based on these results, it can be concluded that AtGDH and GTA transgenic plants lower 
apparent compensation point compared to that of wild type and GT plants. 
 
3.3.3 Determination of photosynthesis of all transgenic plants under low CO2 
conditions 
 
The photosynthetic rate of all the transgenic plants were calculated from fluorescence A/Ci 
curve measurements as described in materials and methods chapter (2.2.5). Figure 3.11 
represents the values of photosynthesis at different low CO2 conditions from all transgenic 
plants including the wild type. The AtGDH and GTA transgenic plants show higher 
photosynthetic values at 200 ppm CO2 (black bars), 150 ppm CO2 (dark grey bars), 100 ppm 
CO2 (light grey bars) and 80 ppm CO2 (white bars) compared to WT plants as shown in 
Figure 3.11A and B. GT plants have more or less similar photosynthesis compared to their 
wild type counterparts. These results were reproducible even in case of second independent 
lines (Figure 3.11B). Although, the photosynthetic rates differs from first to second 
independent lines, a clear increasing tendency in the photosynthesis was observed in AtGDH 
and GTA plants under photorespiratory conditions when compared to their respective wild 
type plants. This leads to conclusion that AtGDH and GTA transgenic plants have higher rates 
of photosynthesis compared to their wild type counterparts at low CO2 concentrations. 
Plants I Apparent CO2 compensation point (Г) Plants II 
Apparent CO2 
compensation point (Г) 
WT 67.11 ± 2.15 ppm CO2 WT 69.18 ± 1.64 ppm CO2 
AtGDH 2 62.04 ± 2.08 ppm CO2   * AtGDH 14 62.04 ± 1.19 ppm CO2  * 
GTA 4 64.71 ± 1.62 ppm CO2 GTA 17 66.27 ± 1.38 ppm CO2 
GT 15.4 67.77 ± 2.67 ppm CO2 GT 9 69.23 ± 1.67 ppm CO2 
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By combining this assimilation result with the above described result in Figure 3.10 
concerning the A/Ci curve of the transgenic plants, it becomes clear that overexpression of the 
novel pathway genes in the chloroplast of N. tabacum plants enhances plant photosynthesis 
only under photorespiratory conditions.  
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Figure3.11 Measuring photosynthesis of transgenic plants at low CO2 values 
Shown are the photosynthetic values measured from 6-8 weeks old wild type N. tabacum and different 
transgenic plants. (A) Photosynthesis or assimilation rate of all transgenic plants and WT plants. (B) 
Photosynthesis or assimilation rate from second independent lines of all genotypes. Each data point 
represents the photosynthetic rates and is based on at least 4 independent measurements of 4 sister 
plants from each line. Vertical bars show standard error. Black, dark grey, light grey and white bars = 
photosynthesis at 200, 150, 100 and 80 ppm CO2 respectively; WT = wild type; AtGDH = plants 
expressing cTP-AtGDH; GTA = plants expressing GCL, TSR and cTP-AtGDH and GT = plants 
expressing GCL and TSR. 
 
 
 
RESULTS  80 
 
 
 
3.3.4 Determination of the electron requirements for CO2 assimilation (e/A) in N. 
tabacum transgenic plants 
 
e/A refers to the number of electrons required to fix one CO2 molecule during the process of 
photosynthesis. e/A ratio is correlated with the carboxylation/oxygenation ratio of Rubisco. 
The e/A value decrease when the rate of Rubisco oxygenation decreased relative to 
carboxylation rate of Rubisco (high CO2 or low O2 conditions that favours photosynthesis). 
The e/A ratio reaches to minimum values in the absence of photorespiration (Lipka et al., 
1999). The e/A is therefore a helpful tool for measuring the rate of Rubisco carboxylation in 
plants. The fluorescence A/Ci curve measurements help in determining the electron 
requirements for CO2 assimilation (e/A) as described in the materials and methods chapter 
(2.2.5).  
 
Figure 3.12 shows the e/A values measured from WT and plants transgenic for AtGDH, GTA 
and GT. At 200 ppm external CO2 (i.e. Ca = 200 ppm CO2), the e/A values are more or less 
similar in all the tested plants (black bars in figure 3.12). AtGDH and GTA transgenic plants 
show a gradual decrease in the e/A values compared to wild types when all plants are adapted 
to Ca of 150 ppm CO2 (dark grey bars), Ca of 100 ppm CO2 (light grey bars) and Ca of 80 
ppm CO2 (white bars). As expected, the electron requirement increases at lower CO2 
concentrations for all lines because of decrease of carboxylation/ oxygenation reaction of 
Rubisco (due to unavailability of CO2). However, this increase is less drastic for transgenic 
AtGDH and GTA plants. AtGDH plants show lowest e/A values compared to the other tested 
plants at 100 and 80 ppm CO2 (Figure 3.12A). GTA plants show lower e/A value compared to 
wild type counterparts but higher than AtGDH plants. GT plants show similar e/A values 
compared to wild type plants. Similar tendency for e/A values were obtained from second 
independent lines of transgenic AtGDH and GTA plants when compared to their WT counter 
parts (Figure 3.12B). This leads to the conclusion that transgenic plants of AtGDH and GTA 
need fewer electrons to fix a CO2 molecule during photosynthesis. 
 
The data from all the photosynthetic measurements of AtGDH and GTA transgenic plants can 
be interpreted as overexpression of novel pathway genes inside the plant chloroplasts inside 
the plant chloroplast leads enhancement of photosynthesis besides the reduction in 
photorespiration. 
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Figure 3.12 The e/A ratio in transgenic plants 
Shown are the e/A values measured from 6-8 weeks old WT N. tabacum and different transgenic 
plants. Each data point represents the electron requirements for CO2 assimilation (e/A) and is based on 
at least 4 independent measurements of 4 sister plants from each line. Vertical bars show standard 
errors. Black, dark grey, light grey and white bars = e/A at 200, 150, 100 and 80 ppm leaf external 
CO2, respectively; (e/A) = electron requirement for CO2 assimilation; WT = wild type; AtGDH = 
plants expressing cTP-AtGDH; GTA = plants expressing GCL, TSR and cTP-AtGDH and GT = plants 
expressing GCL and TSR   
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3.4 Biochemical analysis of AtGDH, GTA and GT transgenic plants 
 
3.4.1 Glycine/Serine ratio under ambient and photorespiratory growth conditions 
 
Glycine and serine are the aminoacids formed during the photorespiratory pathway in C3 
plants (described in detail in 1.2.1) and the ratio of Gly/Ser increases under photorespiratory 
conditions. The Gly/Ser ratio in C3 plants  is considered as a marker for the rate of 
photorespiration (Novitskaya et al., 2002). Therefore, it was decided to measure the Gly/ Ser 
ratio under ambient (400 ppm CO2) and enhanced photorespiratory growth conditions (100 
ppm CO2) from transgenic and wild type plants. 
 
The amounts of glycine and serine from the tested plants were quantified using Gas 
Chromatography/Mass Spectroscopy (GC/MS) (2.2.4). Figure 3.13 represents the results of 
the measured Gly/Ser ratios. All transgenic plants (GTA, AtGDH and GT) show more or less 
similar levels of Gly/Ser ratio compared to wild type plants under ambient conditions (Figure 
3.13A). The same plants were grown at low CO2 (100 ppm) for 28 hrs in a cabinet (2.2.7.1) 
and Gly/Ser ratios were measured. GT plants show similar Gly/Ser ratio compared to wild 
type plants (GT in Figure 3.13B). GTA and AtGDH transgenic plants show lower Gly/Ser 
ratio. By shifting the plants to photorespiratory conditions (100 ppm CO2) for 28hrs, Gly/Ser 
ratios were decreased compared to ambient conditions for unknown reasons in all the tested 
plants (grey bars in Figure 3.13B). However, transgenic plants expressing only AtGDH in 
their chloroplasts (AtGDH in Figure 3.13B) show a clear reduction of Gly/Ser ratios compared 
to WT plants under photorespiratory conditions.  
 
Therefore, it can be concluded that GC/MS experiment cannot be used as a marker for 
photorespiration in this case, as ratio of Glycine/Serine under photorespiratory conditions 
decreases when compared to Gly/Ser ratio at ambient conditions in case WT plants for 
unknown reasons. 
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Figure 3.13 Measurement of the Glycine/Serine ratio under ambient and low CO2 
conditions 
Shown are the different Gly/Ser ratios measured under (A) ambient (400 ppm CO2) (B) low CO2 (100 
ppm CO2) conditions from different transgenic N. tabacum plants including wild type plants. Each 
data point shows the average of Gly/Ser ratios measured under ambient (black bars) and low CO2 
(grey bars) from at least 4 sister plants. Vertical bars show standard errors. WT = wild type; AtGDH = 
plants expressing cTP-AtGDH2; GTA = plants expressing GCL, TSR and cTP-AtGDH4 and GT = 
plants expressing GCL and TSR15.4 *, **, and *** denote deviations from the wild types with P<0.1, 
P<0.05 and P<0.001, respectively. 
 
3.4.2 Measurement of the ammonia release during photorespiration 
 
Ammonia is released in mitochondria during the conversion of glycine to serine in the process 
of photorespiration. The ammonia released during photorespiration is refixed by plastidial 
GOGAT cycle. Glutamine synthetase (GS) is the key enzyme involved in the assimilation of 
ammonia and nitrogen regulation in C3 plants. Phosphinotricin (PPT) is a glutamate analogue 
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that irreversibly inhibits glutamine synthetase activity. Therefore, ammonia is not assimilated 
and the accumulated ammonia diffuses into the surroundings. Deblock et al (3.4.2) have 
developed a mutliwell ammonia evolution assay that helps in quantitative measurement of 
ammonia released. Therefore it was decided to measure the ammonia release from transgenic 
plants including wild type plants under ambient and photorespiratory conditions. 
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Figure 3.14 Ammonia release from transgenic plants 
Shown is the ammonium-evolution bioassay that was performed using leaf punches harvested from 6 
weeks old WT, GTA and AtGDH transgenic plants that was performed under (A) ambient (black bars) 
(B) photorespiratory conditions i.e 45ºC (white bars). The amount of ammonia released was measured 
from plant leaf discs (5 mg each) incubated in medium supplemented with phosphinotricin. Each data 
point shows the amount of NH3 released and is based on at least three independent experiments. 
Vertical bars show standard deviations. WT = wild type; AtGDH = plants expressing cTP-AtGDH 2; 
GTA = plants expressing GCL, TSR and cTP-AtGDH 4 and GT = plants expressing GCL and TSR 
15.4. 
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The results of the ammonia assay are shown in Figure 3.14. All the transgenic plants except 
GT release more amount of ammonia than wild type plants under ambient conditions (Figure 
3.14A). The increased ammonia release in plants transgenic for AtGDH and GTA is due to the 
high conductance of stomata (Fluorescence A/Ci curve measurements showed increased 
stomatal conductance of transgenic plants compared to that wild type plants). Therefore, it 
was decided to measure the ammonia evolution under photorespiratory conditions.  
 
Figure 3.14B shows the results of ammonia assay performed under photorespiratory 
conditions at 45ºC (Grey bars). All the transgenic plants release more or less similar ammonia 
compared to wild type plants (Figure 3.14B). This might be due to the closing of the stomata 
in all transgenic plants including the wild type plants under photorespiratory conditions. 
 
 Based on this result, it can be concluded that ammonia assay might not be an indicator to 
measure the photorespiratory flow in case of transgenic plants over expressing novel pathway 
genes inside the chloroplasts. 
 
 
3.4.3 Total glyoxylate content of transgenic plants  
 
Glycolate is oxidized to glyoxylate during the process of photorespiration in peroxisomes. 
Glyoxylate is further metabolized to form phosphoglycerate as an end product in the 
photorespiratory pathway (1.2.1). In addition, glyoxylate is an intermediate product produced 
in the novel biochemical pathway (Figure 3.1) by glycolate dehydrogenase. The glyoxylate 
should be used by glyoxylate carboligase (GCL) in the novel pathway. Therefore, it was 
decided to measure the total glyoxylate content from different transgenic lines under normal 
and enhanced photorespiratory conditions (400 ppm and 100 ppm CO2, respectively).  
 
Figure 3.15 shows the total glyoxylate content measured from the indicated genotypes 
(2.2.3.12). Under ambient conditions, plants transgenic for GT and GTA show similar levels 
of glyoxylate content compared to WT plants (white bars in Figure 3.15). In contrast, AtGDH 
plants show a clear increase of glyoxylate content under ambient conditions compared to that 
of wild type plants. By growing all plants for 4 hrs under low CO2 conditions (black bars in 
Figure 3.15), wild type plants showed increase of glyoxylate content. This is due to increase 
of glycolate production during photorespiration incase of C3 plants. AtGDH plants showed an 
increase in their glyoxylate content compared to other tested plants (AtGDH in Figure 3.15). 
The increase of glyoxylate content in plants transgenic for AtGDH can be due to oxidation of 
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glycolate to glyoxylate by glycolate dehydrogenase (AtGDH) inside the chloroplasts. The GT 
and GTA plants showed no clear difference in their glyoxylate content compared to wild type 
plants. GTA transgenic plants also produce glyoxylate through the oxidation of glycolate by 
glycolate dehydrogenase (AtGDH) in their chloroplasts. However, the produced glyoxylate is 
consumed by activity of glyoxylate carboligase (GCL). In case of GT plants, glyoxylate is 
consumed by glyoxylate carboligase (GCL) inside their chloroplasts. Based on this result, it 
can be concluded that the novel pathway enzymes are active in the transgenic plants. 
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Figure 3.15 Total glyoxylate content measured from transgenic plants  
Shown are the total glyoxylate contents measured from leaf tissues harvested from 7 weeks old WT, 
AtGDH, GTA and GT plants. Each data point shows the average of glyoxylate content measured from 
at least 4 sister plants. Vertical bars show standard deviations. Black bars = amounts of glyoxylate 
measured from plants that were grown for 4 hrs under low CO2 conditions; White bars = amounts of 
glyoxylate measured from plants that were grown under ambient conditions. WT = wild type; GT = 
plants expressing GCL and TSR15; AtGDH = plants expressing cTP-AtGDH2; GTA = plants 
expressing GCL, TSR and cTP-AtGDH4. * denotes deviations from the wild types with P<0.1. 
 
 
3.4.4 Measurements of chlorophyll contents from leaves of transgenic plants 
 
From the previous photosynthetic measurements (3.3), it is evident that AtGDH and GTA 
transgenic plants show higher photosynthesis. Chloroplasts are the organelles involved in 
photosynthesis reaction in all higher plants including green algae. Therefore, it was decided to 
measure the photosynthetic pigments (Chl.A, Chl.B and Carotenoids) from the transgenic 
plants including wild type plants under ambient (400 ppm CO2) and low CO2 (100 ppm) 
conditions ( 2.2.3.13).  
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Figure 3.16 Total chlorophyll content from transgenic plants under ambient and low 
CO2 conditions  
Shown are the different amounts of plant leaf photosynthetic pigments measured from 6 weeks old 
different transgenic N. tabacum plants in addition to wild type plants at ambient and low CO2 
condition. The same plants were shifted from ambient to low CO2 condition and grown for 28 hrs. 
Each data point shows the average of Chl.A (blackbars), Chl.B (greybars) and Carotenoids (white 
bars) from 4 sister plants and is based on at least three independent measurements. Vertical bars show 
standard errors. WT = wild type; AtGDH = plants expressing cTP-AtGDH 2; GTA = plants expressing 
GCL, TSR and cTP-AtGDH 4 and GT = plants expressing GCL and TSR 15. 
 
Figure 3.16 represents the amounts of photosynthetic pigments of the indicated genotypes. 
WT, AtGDH and GTA show similar levels of Chl.A (black bars), Chl.B (grey bars), and 
Carotenoids (white bars) under ambient conditions. GT plants show fewer amounts of 
photosynthetic pigments (GT in Figure 3.16A). This might be due to the chlorotic effect 
produced by the over expression of GCL inside the chloroplasts (Rafijul Bari, Institue for 
Biology I, RWTH, Aachen 2004). By growing the same plants under low CO2 conditions for 
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28hrs, the amounts of Chl.A, Chl.B and Carotenoids were nearly the same in all transgenic 
plants when compared to the wild type (Figure 3.16B).  
 
Thus, the expression of the glycolate dehydrogenase gene inside the chloroplasts does not 
show any deleterious effects on the accumulation of photosynthetic pigments.  
 
3.4.5 Measurements of metabolites glucose, fructose, sucrose, and starch contents of 
transgenic plants 
 
The carbohydrates glucose, fructose, sucrose and starch are the end products of plant 
photosynthesis. From the previous photosynthetic measurements (3.3), it was clear that the 
transgenic plants for AtGDH and GTA show higher photosynthesis than wild type plants 
under photorespiratory conditions. Therefore, it was decided to measure the carbohydrate 
contents from different transgenic plants to understand the effect of photosynthesis on these 
metabolites. Figure 3.17 shows the different soluble and insoluble metabolites measured from 
WT and different transgenic plants. 
 
The total soluble (glucose, fructose and sucrose) and insoluble (starch) metabolites were 
extracted from plant leaf tissues and quantified enzymatically as described (2.2.3.8). 
Transgenic plants for AtGDH and GTA show higher levels of the soluble metabolites glucose 
and sucrose (Figure 3.17A and 3.17C). AtGDH transgenic plants also show higher levels of 
fructose compared to WT plants (Figure 3.17B). The starch content was more or less similar 
in all transgenic plants including WT plants. However, no significant changes in the 
metabolites concentration were observed in GT plants compared to WT plants.  
 
Therefore, higher levels of glucose and fructose in plants transgenic for AtGDH and GTA 
plants can be added to the positive significance of the novel pathway in the transgenic plants. 
It can also be concluded that expression of novel pathway genes inside the chloroplasts does 
not disturb the basic metabolic pathway of tested plants. 
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Figure 3.17 Soluble and insoluble metabolites measured from transgenic plants 
Shown are the different soluble (glucose, fructose and sucrose) and insoluble (starch) metabolites 
measured from 8 weeks old transgenic N. tabacum plants. Each data point shows the average of 
metabolites concentrations measured from 4 sister plants. Vertical bars show standard errors. A = 
Glucose content; B = Fructose content; C = Sucrose content; D = Starch content. WT = wild type; 
AtGDH = plants expressing cTP-AtGDH2; GTA = plants expressing GCL, TSR and cTP-AtGDH4, GT 
= plants expressing GCL and TSR15. * and **denote deviations from wild-types with P<0.1 and 
P<0.05 respectively. 
 
3.5 Influence of the novel pathway on plant growth 
 
3.5.1 Phenotypes of AtGDH, GTA and GT transgenic plants 
 
Plants transgenic for AtGDH (B in Figure 3.18) and GTA (C in Figure 3.18) have phenotypes 
similar to wild type plants (A in Figure 3.18). Expression of GCL in GT plants induces 
chlorotic effect and the expression level clearly correlated with the phenotypic effect (PhD 
thesis, Rafijul Bari, Institute for Biology I, RWTH Aachen). Therefore, GT transgenic lines 
with acceptable expressing levels for GCL and TSR and without chlorotic effects (GT 15) 
were selected for physiological and biochemical analysis (D in Figure 3.18). In a similar way, 
GTA transgenic lines without any chlorotic effect were selected (C in Figure 3.18). 
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Figure 3.18 Phenotypic effects of wild type and AtGDH, GTA and GT transgenic plants 
Shown are the phenotypes of 6-7 weeks old AtGDH, GTA and GT N. tabacum transgenic plants 
compared to wild type plants. A = WT plants; B = AtGDH plants; C = GTA plants and D = GT plants. 
 
 
 
3.5.2 Measurement of fresh dry weight of the transgenic plants 
 
Plants for AtGDH and GTA show higher photosynthesis than WT plants under 
photorespiratory conditions (3.3). Therefore, the increase in photosynthesis should result in a 
change in the biomass of the respective transgenic plants. We decided to measure the fresh 
weight and dry weight of the transgenic plants including the wild-type plants. Because of the 
larger stems of the N. tabacum plants, it was not possible to measure the whole fresh and dry 
weight of the plants during this work. Instead of this, the third leaf from the top of the plant 
was used to measure the fresh weight and dry weight and it was assumed that leaf does not 
show a difference in distance to the light when comparing transgenic plants to wild type 
plants. GT transgenic plants instead of WT plants were used as a control because the 
transformed plants obtained from tissue culture experiments show more biomass. 
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Figure 3.19 The total fresh weight and dry weight of leaves from transgenic plants 
Shown are the (A) fresh weight (B) dry weight ( 3rd leaf from the top of the plant) from 6 and 7 weeks 
old WT and different transgenic plants. Firstly, the tested plants were allowed to grow for 3 weeks on 
MS medium supplemented with the suitable antibiotics. Wild type plants were also allowed to grow 
for 3 weeks on MS medium without any selection pressure. Secondly, all genotypes were then 
transferred into soil and allowed to grow for further 3 weeks. At this time point, the fresh and dry 
weight was determined from all genotypes. The total fresh and dry weight measurements were then 
repeated. Each value represents the average of changes in plant fresh weight (black bars) and dry 
weight (grey bars) measured from at least 4 sister plants for each line. WT = wild type N. tabacum 
plants; AtGDH = plants expressing cTP-AtGDH; GTA = plants expressing GCL, TSR and cTP-
AtGDH; GT = plants expressing GCL and TSR. *, **, and *** denote deviations from the wild types 
with P<0.1, P<0.05 and P<0.001, respectively. 
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Figure 3.19 shows the fresh weight (black bars) and dry weight (grey bars) of plants 
transgenic for AtGDH, GTA and GT. The plants transgenic for AtGDH and GTA shows 
higher fresh weight compared to GT plants (AtGDH and GTA in 3.19A). GT transgenic plants 
also show higher values than WT plants.  
 
The dry weight from same leaf material was measured from the above tested plants (3.19B). 
The plants transgenic for AtGDH, GTA and GT plants shows a clear increase in the dry 
weight compared to their WT counterparts. AtGDH and GTA plants show more or less similar 
amount of dry weight compared to control GT plants (Figure 3.19B). Based on this result, it 
can be concluded that the plants for transgenic AtGDH and GTA have more fresh weight 
compared to wild type and GT plants under ambient conditions. 
 
3.6 Function of AtGDH in alternate photorespiration of higher plants. 
 
Photorespiration involves the cooperative interaction of three organelles, chloroplasts, 
peroxisomes and mitochondria. The first step to analyse the intracellular compartmentation of 
the photorespiratory metabolism is separation of individual organelles free from 
contaminations while retaining their integrity. Although mitochondria can be isolated from 
leaves, they are usually contaminated by peroxisomes, microsomes and broken chloroplasts 
(Douce et al., 1977).  
 
The identification, characterization and localization of AtGDH in mitochondria  indicates the 
conservation of algal photorespiration in higher plants (Bari et al., 2004). To understand the 
function of AtGDH, mutants and overexpressing A. thaliana lines were generated by Markus 
Niessen and Ruben Rosenkranz, Institute for Biology I, RWTH Aachen.  As it was clear that 
AtGDH is localized in mitochondria according to Bari et al., 2004, I optimized a mitochondria 
isolation procedure from A. thaliana in our lab to analyse the function of AtGDH in 
photorespiration. 
 
At the same time, it is necessary to separate mitochondria from peroxisomal fraction because 
peroxisomes contain a glycolate oxidizing enzyme (GO) that converts glycolate to glyoxylate. 
Moreover, peroxisomal GO is more abundant and mitochondrial AtGDH is less abundant. 
Therefore, it is of major importance to purify highly enriched mitochondria. Otherwise, any 
activity of the mitochondrial enzyme would be masked by high peroxisomal background. 
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As a first step to optimize the mitochondria isolation technique in our lab, Brassica oleracea 
var. botrytis (cauliflower) is used as a starting material because of the absence of chloroplasts. 
In addition, large amount of raw material is obtained easily. Figure 3.20 showed 
discontinuous and continuous percoll gradient centrifugation steps that were used to separate 
mitochondria and peroxisomes from other organelles.  Both organelles were stable for several 
hours, even if they were remained in percoll.  
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Figure 3.20 Shown was the simplified diagram for the optimization of the mitochondria isolation 
technique in our lab.  
The left side of the sketch represents the two step gradients procedure for isolation of mitochondria, 
discontinuous 40%:23%: 18% percoll and continuous 28% percoll gradients. The right side of the 
sketch shows the single step 40% percoll gradient method. 
 
The percoll gradient centrifugation is the crucial step in the purification of mitochondria, 
removal of percoll is necessary for further analyses i.e. enzymatic marker detection assays. 
The purity of the isolated organelles was tested by enzymatic activity assays.  
 
3.6.1 Enzymatic assays from mitochondria and peroxisomal fractions of Brassica 
oleracea var. botrytis 
 
Enzymatic activity assays were performed with the partially enriched mitochondrial and 
peroxisomal extracts from Brassica oleracea var. botrytis (2.2.6.1). Figure 3.21 shows the 
RESULTS  94 
 
 
 
results of the fumarase and catalase assays with and without addition of substrates. 20µg of 
the protein was used for the activity assays. Fumarase is located in mitochondria and converts 
L-Malate to fumarate. By adding the substrate L-Malate to the mitochondrial extract, 
fumarase converts the substrate to fumarate resulting in an increasing OD240 (Figure 3.21A). 
Catalase is present in peroxisomes and involved in degradation of H2O2 to oxygen and water. 
With the addition of substrate to peroxisomal extract, catalase decomposes H2O2 resulting in a 
decrease of OD240 (Figure 3.21B). Therefore, the enzymatic assays are available to estimate 
the purity of organelle preparations.  
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Figure 3.21 Fumarase and catalase activity assays from mitochondria and peroxisomal 
fractions of Brassica oleracea var. botrytis. 
(A) Mitochondrial fraction from Brassica oleracea var. botrytis tested for fumarase activity assay with 
and without addition of substrate. Each data point shows the amount of fumarate produced per min and 
µg of protein. 
(B) Peroxisomal fraction from Brassica oleracea var. botrytis tested for catalase activity assay, with 
and without addition of substrate. Each data point shows the amount of H2O2 degraded per min and µg 
of protein. 
 
3.6.2 Isolation of mitochondria from Brassica oleracea var. botrytis by two percoll    
density gradient method 
3.6.2.1 Enrichment of mitochondria by discontinuous percoll gradient step from 
Brassica oleracea var. botrytis 
 
As mentioned in 3.6, Mitochondria were isolated from Brassica oleracea var. botrytis by the 
two percoll density gradient steps, discontinuous and continuous percoll gradients. The 
mitochondrial isolation procedure is described in materials and methods (2.2.6.1). The extract 
was loaded on discontinuous gradient consisting of 1:4:2 ratios of 40%: 23%:18% percoll and 
three fractions were obtained. Fraction 1 includes the upper part of the gradient, Fraction 2 
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contains the band at the middle of the gradient and Fraction 3 involves the band at the 
interface of the 40% and 23% percoll gradient. The resulting gradient fractions including the 
load were tested with fumarase and catalase activity assays to evaluate the enrichment of 
mitochondria.  
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Figure 3.22  Enzymatic assays for the fractions of discontinuous percoll density gradient 
of  Brassica oleracea var.botrytis 
The fractions from discontinuous percoll step gradient consisting of 1:4:2 ratios, from bottom to top, of 
40% percoll: 23% percoll: 18% percoll are collected. (A) Fumarase assay. The data point shows the 
amount of fumarate produced per min and µg of protein. (B) Catalase assay. The data point shows the 
amount of H2O2 degraded per min and µg of protein. Load is the extract before loading on to the 
discontinuous gradient. Fraction 1 and Fraction 2 are obtained from the upper and the middle part of 
the gradient. Fraction 3 is at the interface of 40%: 23% percoll. 
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3.6.2.2 Isolation of mitochondria by continuous percoll gradient step from Brassica 
oleracea var. botrytis 
 
From the previous experiment 3.6.2.1, Fraction 3 was loaded on a continuous 28% percoll 
gradient. Two bands were clearly visible, one at the bottom and the other in the upper part of 
the gradient. These two fractions were collected and enzymatic assays were performed. 
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Figure 3.23 Enzymatic assays for the fractions of continuous percoll density gradient of 
Brassica oleracea var.botrytis 
Fraction 3 from discontinuous percoll gradient step was loaded on continuous 28% percoll gradient. 
Two bands were visible, one at the bottom and another at the top of the gradient. 
(A) Fumarase activity assay (B) Catalase assay 
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Figure 3.21A shows the results of fumarase activity of Fraction 3 including bottom and upper 
fractions. Most of the fumarase activity was found in the bottom fraction (Figure 3.21A).Very 
little fumarase activity was found in upper fraction (Figure 3.4A). The Fraction 3 shows more 
or less similar activity compared to the activity in the Figure 3.4A. The bottom fraction 
activity was higher than Fraction 3. Therefore, mitochondria were present in bottom fraction. 
Figure 3.23B shows the results of catalase assay for the fractions of continuous gradient.  
Most of the catalase activity was detected in upper fraction of the gradient (3.23B).Very little 
catalase activity was found in the bottom fraction. The bottom fraction (Figure 3.23A) shows 
the amount 96.7 µmol fumarate min-1 µg-1 and catalase activity (Figure 3.23B) corresponds to 
nearly zero. Therefore, the mitochondria are enriched to 96.4%. Similarly, upper fraction 
corresponds to catalase activity of 102 µmol H2O2 degraded min-1 µg-1 (Figure 3.23B) and 
fumarase activity of 2.6µmol fumarate min-1 µg-1 (Figure 3.23A). So, the contamination of 
mitochondria in peroxisomal fraction is 2.54%. Therefore peroxisomes were enriched to 
97.46%. 
 
This clearly showed that peroxisomes were present in the upper part and mitochondria are 
present at the bottom of the continuous gradient. Therefore, this method helps in isolation of 
mitochondria with a purity of ~96% from Brassica oleracea var.botrytis. 
 
The data was reproducible even if the mitochondria were isolated from N. tabacum and A. 
thaliana leaf material and always mitochondria were found at the bottom of the gradient (data 
not shown). 
 
3.6.3 Isolation of mitochondria from A. thaliana leaves by single step percoll density 
gradient method 
 
The two step percoll gradient procedure requires significant time for isolation and enrichment 
of the mitochondria that might result in inactivation of mitochondrial proteins. Therefore, a 
rapid method was optimized to isolate mitochondria from A. thaliana using single 40% 
continuous percoll gradient. The resulting fractions of single gradient step including the load 
were tested with fumarase and catalase activity assays to evaluate the enrichment of 
mitochondria.  
 
Figure 3.24 shows the results of enzymatic activity assays for mitochondrial and peroxisomal 
fractions. The values are corrected to percentage in Figure3.24A and Figure 3.24B. The load 
has very little fumarase activity for unknown reasons. Mitochondria are banded at the bottom 
RESULTS  98 
 
 
 
of the gradient and are enriched to a purity of 96% (Figure 3.24A). From the Figure 3.24B, 
mitochondrial fraction itself shows a contamination of 5% peroxisomes. Thus, on the basis of 
the calculation, the mitochondria were enriched to a purity of 95%. Similarly, peroxisomes 
were enriched to around 80%. Based on this result it can be concluded that the single step 
gradient is able to enrich mitochondria with a purity of 95% from leaf material. 
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Figure 3.24 Enrichment of mitochondria by single step 40% percoll gradient from A. 
thaliana leaves 
Shown are the results of the enzymatic assays from fractions obtained by single 40%percoll density 
gradient step. (A) Fumarase activity assay (B) Catalase activity assay. The mitochondrial protein was 
corrected to 100%. Load is the part of extract before loading on 40% percoll gradient. Peroxisomes are 
at the upper part and mitochondria are at the bottom of the gradient. 
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The isolation method was upscaled with bigger tubes to get higher amounts of mitochondrial 
protein. The upscaled procedure showed similar enrichment of mitochondria and the data 
were reproducible (data not shown). The upscaling helps in isolating mitochondria from 6 
different plants at the same time and the protein contents were enough to perform all the 
required enzymatic assays. 
 
3.6.4 Measuring chlorophyll content 
 
The previous experiment 3.6.3, showed a method to enrich mitochondria with a purity of 95% 
relative to peroxisomal contamination. The chlorophyll content was measured from all these 
fractions to detect the contamination of chloroplasts according the procedure described in 
materials and methods chapter (3.6.4). Figure 3.25 represents the results of chlorophyll 
content in the load, peroxisomal and mitochondrial fractions from A. thaliana plants by single 
step percoll density gradient centrifugation. Before the gradient, all the chlorophyll pigments, 
Chl A (black bars), Chl B (grey bars) and Carotenoids (white bars) were found in the load. 
After the gradient step, all the chlorophyll pigments and carotenoids were present in the 
peroxisomal fraction. Very little amount of chlorophyll pigments were found in mitochondrial 
fraction (Figure 3.25).  
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Figure 3.25 Measuring chlorophyll content from the isolated fractions of percoll 
gradient. 
Mitochondrial protein extracts isolated from 6 weeks old WT plants by single step percoll gradient 
centrifugation were tested for chloroplast contents. The amounts of chlorophyll pigments in the load 
were corrected to 100%. Black bars = Chlorphyll B; Grey bars = Chlorophyll A; White bars = 
Carotenoids. Load is the extract before loading on to the column; Peroxisomes and Mitochondria are 
the upper and bottom fractions obtained by percoll density gradient method. 
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This leads to conclusion that the peroxisomes were heavily contaminated with chloroplasts 
and mitochondria were free of chloroplasts. The chloroplasts do not disturb the gradient 
during isolation of mitochondria.  
 
By combining this result with the above fumarase and catalase assay results, it can be 
concluded that the single step percoll gradient method is capable to enrich mitochondria that 
are almost free of chloroplasts and peroxisomes. 
 
3.6.5 GDH activity assay from wild type and mutants of A. thaliana plants. 
 
The previous chapter has shown a method for the preparation of highly purified mitochondrial 
fractions. This technique was used to detect the activity of AtGDH in the mitochondrial 
fractions. As a control, mitochondria were isolated from N 52 mutant which is an Arabidopsis 
T-DNA mutant where AtGDH open reading frame is disrupted. This mutant does not show 
any accumulation of RNA for AtGDH (Ruben Rosenkranz, Institute for Biology I, RWTH 
Aachen). Moreover, the assays were performed in the presence and absence of cyanide, 
because AtGDH is inhibited by cyanide but not the peroxisomal GO. 
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Figure 3.26 GDH activity assay from wild type and mutants of A. thaliana  
Mitochondrial protein extracts isolated from 6 weeks old WT A. thaliana plants and AtGDH mutants 
were tested for glycolate dehydrogenase activity. Each data point shows the amount of glyoxylate 
formed per minute and is based on at least three independent experiments. Vertical bars represent 
standard errors. Black bars = -KCN; white bars = +KCN; WT and N52 = mitochondrial extracts 
isolated from wild type and AtGDH mutant N52, respectively. 
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Glycolate dehydrogenase (GDH) assay was performed in vitro in presence and absence of 
KCN using mitochondrial extracts from A. thaliana plants.  Figure 3.26 represents the results 
of GDH assay from mitochondria extracts of wild type and AtGDH mutant plants. 
Mitochondrial extracts isolated from wild type plants show higher activity than mitochondrial 
extracts from mutant plants in the absence of KCN (black bars in Figure 3.26). The GDH 
activity in N52 extracts is reduced to similar background levels in the presence of KCN (white 
bars in Figure 3.26) when compared to the WT extracts. This background may be due to the 
presence of some other enzymes which are insensitive to cyanide and also slight 
contamination of peroxisomes. The difference in the activity levels in mitochondrial extracts 
isolated from wild type plants is probably due to the presence of AtGDH protein in the tested 
samples. This leads to the conclusion that mitochondrial glycolate dehydrogenase is active in 
vitro and is capable of converting glycolate to glyoxylate. 
 
3.6.6 GDH activity assay from wild type A. thaliana plant under ambient and low CO2 
conditions 
 
The previous experiment showed the presence of glycolate dehydrogenase activity in wild 
type mitochondria of A. thaliana. We suspected that this activity might be related to 
photorespiration. Therefore, we were decided to measure GDH activity after shifting the 
plants to photorespiratory conditions. The easiest way to shift the plants to photorespiratory 
condition is growing the plants under low CO2 in a growth cabinet (2.2.7.1). 
 
Figure 3.27 shows the results of GDH assays from mitochondria extracts of wild type plants 
growing under ambient and low CO2 conditions. Mitochondrial extracts isolated from wild 
type plants growing under 100 ppm show higher activity (~2.5 to 3 times) than mitochondrial 
extracts from plants grown at ambient conditions in the absence of KCN (black bars in Figure 
3.27). The GDH activity in plants under ambient condition is reduced to similar background 
levels in the presence of KCN (white bars in Figure 3.27) when it is compared with wild type 
plants growing at low CO2. This background may be due to the slight contamination of 
peroxisomes and also the presence of some other cyanide insensitive enzymes in the 
mitochondria that produce glyoxylate.  
 
Based on this result it can be concluded that low CO2 induces the activity of AtGDH protein in 
the mitochondria. 
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Figure 3.27 GDH activity assay from A. thaliana wild type plants under ambient and low 
CO2 conditions 
A. thaliana WT plants were grown for 6 weeks at ambient condition. Afterwards some of the plants 
were shifted to ambient (400 ppm) condition and also low CO2 (100 ppm) for 28 hrs in a cabinet 
separately. Mitochondria were isolated from these 28 hrs adapted ambient and low CO2 plants and 
tested for glycolate dehydrogenase activity. Each data point shows the amount of glyoxylate formed 
per minute and is based on four independent experiments. Vertical bars represent standard errors. 
Black bars = -KCN; white bars = +KCN; WT ambient and WT 100 ppm = mitochondrial extracts 
isolated from wild type plants growing under ambient (400 ppm) and 100 ppm CO2, respectively 
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4 DISCUSSION 
 
4.1 The Rubisco problem and photorespiration 
 
Rubisco (EC 4.1.1.39) is a bifunctional enzyme, where CO2 and O2 are competitive substrates 
for reaction with RUBP. Rubisco favors CO2 over O2 by a factor of up to 100, but the 
concentration of O2 in the atmosphere is much higher than that of CO2. As a result, one 
molecule of O2 is fixed by Rubisco for every three molecules of CO2 (Sharkey, 2001). When 
Rubisco fixes CO2, two molecules of phosphoglycerate are produced that are used for the 
synthesis of carbohydrates (details of C3 pathway or Calvin cycle described in 1.1.1).When O2 
is substituted for CO2, one phosphoglycerate and one phosphoglycolate are produced. Plants 
metabolize phosphoglycolate to glycerate in a sequence of reactions that occurs in the 
chloroplast, the peroxisomes and mitochondria with the release of CO2 and ammonia in the 
mitochondria (described in detail in 1.2.1). The photorespiratory pathway in C3 plants requires 
a large machinery consisting of 16 enzymes and more than 6 translocators (Douce and 
Neuburger, 1999). CO2 release during the photorespiratory pathway results in the loss of 25% 
of the carbon from phosphoglycolate. In this way, photorespiration decreases the 
photosynthetic efficiency in C3 plants, which include major crops like wheat and rice. 
However, few plants like Zea mays have developed a carbon concentrating mechanism to 
overcome the process of photorespiration. 
 
The following chapter will discuss the various mechanisms that have been developed in plants 
during evolution to supply elevated concentrations of CO2 at the site of Rubisco in order to 
suppress photorespiration resulting in an enhanced photosynthetic efficiency. C4 plants have 
employed enzymes already present in their C3-ancestor, but changed the degree of expression 
as well as the localization on a sub-cellular and cell-type specific level (Hatch, 1987). They 
have developed a carbon concentrating mechanism at the site of Rubisco to avoid the 
oxygenation reaction of Rubisco. This mechanism occurs by separation of primary and 
secondary carbon fixation processes in two different cell types, bundle sheath cells and 
mesophyll cells (details of C4 pathway are described in 1.1.2). Moreover, CAM plants fix 
atmospheric CO2 at night through a C4 pathway and further process the carbon via the C3 
pathway during the day (details of CAM pathway are described in 1.1.3). This will result in a 
temporal separation of the process rather than a spatial separation of CO2 fixation (Cushman, 
2001). Besides these mechanisms, some aquatic plants (Hydrilla verticillata) have developed 
C4-like mechanisms in order to acclimatize themselves to the limiting and variable CO2 
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concentrations in water. However, H. verticillata lacks the kranz anatomy which is a 
characteristic feature of terrestrial C4 species (Reiskind et al., 1997). This result shows that the 
Kranz anatomy is not essential for C4 type photosynthesis (details of single cell C4 
photosynthesis are described in 1.1.4). This unicellular C4-like pathway results in a partial 
suppression of photorespiration with reduced sensitivity to oxygen (Reiskind et al., 1997; van 
Ginkel et al., 2001; Bowes, 2002; Rao et al., 2002).  
 
Although photorespiration is clearly deleterious to C3 plants with loss of CO2 and ammonia, it 
helps plants in two ways. Firstly, photorespiration results in the formation of the amino acids 
glycine and serine that are used for protein synthesis in C3 plants (Sharkey, 2001). Secondly, 
photorespiration protects C3 plants indirectly from high irradiances only by consuming 
reducing equivalents (Kozaki and Takeba, 1996). Even if, these functions of photorespiration 
may be useful to the plant, the overall effect of photorespiration is deleterious. In case of 
photorespiratory mutants of Arabidopsis (Beckmann et al., 1997) and barley (Wingler et al., 
1997), under high CO2 concentration (where no or little photorespiration and enhanced 
photosynthesis occurs) the growth of both photorespiratory mutants is not affected. By 
shifting mutants to ambient CO2 conditions, the plants died or growth was retarded. Therefore, 
mutant data showed that suppressing photorespiration might not be harmful for C3 plant 
growth as long as glycolate, produced by oxygenase activity of Rubisco is metabolized in 
useful ways by the plant. 
 
4.2 A novel pathway in the chloroplast of Nicotiana tabacum  
 
In this study, a novel pathway aiming to increase the CO2 refixation inside the chloroplasts 
and suppress the CO2 loss resulting from photorespiration in C3 plants has been established. 
The novel pathway is dealing with the metabolism of glycolate produced in the chloroplast 
during the process of photorespiration. The novel glycolate pathway does not completely 
switch off the existing photorespiratory pathway but will compete with the photorespiratory 
pathway by modifying metabolic pathway of glycolate that is transported out of chloroplasts. 
Therefore, this pathway will reduce photorespiratory CO2 loss by diverting the part of 
glycolate produced by oxygenase activity of Rubisco. In this chapter, the origin of the novel 
pathway as well as the enzymes involved in glycolate oxidation will be discussed. 
Furthermore, the benefits from the establishment of the novel pathway in C3 plants will be 
also discussed.  
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The idea for the installation of novel pathway comes from the bacterial glycerate pathway 
described for E.coli (described in detail in 1.2.3). In this cycle, glycolate is oxidized by 
glycolate dehydrogenase (GDH) to form glyoxylate. Two molecules of glyoxylate are then 
condensed by glyoxylate carboxyligase (GCL) to form tartronic semialdehyde and CO2 is 
released during this reaction. The formed tartronic semialdehyde is then reduced by tartronic 
semialdehyde reductase (TSR) to form glycerate. Because of the complex nature of EcGDH 
enzyme which is made up of three different subunits (glcD, glcE and glcF), alternatives 
enzymes for EcGDH were found in the glycolate metabolism of higher plants. The 
alternatives include glycolate oxidase (GO), Human glyoxylate reductase and glycolate 
dehydrogenase from A. thaliana (resembles algal and bacterial glycolate dehydrogenase in 
properties). The first enzyme is the plant glycolate oxidase (GO; EC 1.1.3.15) that converts 
glycolate to glyoxylate and located in the peroxisome. The plant glycolate oxidase is an 
oxygen dependent enzyme and produces H2O2, which is rapidly hydrolyzed by a catalase 
present in the peroxisome of the plant (Tolbert, 1997). However, presence of catalase is not 
reported yet in the chloroplast of the higher plants. So, the introduction of higher plant 
glycolate oxidase into chloroplast of N. tabacum plant might result in accumulation of H2O2 
that can show a damaging effect. Therefore using this enzyme as an alternative to the 
complicated EcGDH was excluded from the present work. The second enzyme is the human 
glyoxylate reductase (HGR; EC 1.1.1.26/79) that was cloned from human liver cDNA (Young 
et al., 1973; Fry and Richardson, 1979; Davis and Goodman, 1992; Giafi and Rumsby, 1998). 
In vitro, HGR readily catalyzed the reduction of glyoxylate to glycolate but not the reverse 
reaction (data kindly provided by Rafijul Bari, Institute for Biology I, RWTH Aachen, 
Germany). However, the equilibrium of this reaction is still unclear. Therefore, it was decided 
that this enzyme is not suitable for the present work. The third enzyme is a novel glycolate 
dehydrogenase in the mitochondria of A. thaliana (AtGDH; At5g06580) (Bari et al., 2004). 
The new enzyme is dependent on organic co-factors and resembles algal glycolate 
dehydrogenases in its enzymatic properties. Therefore, AtGDH was selected as an alternative 
to the complicated EcGDH in the novel pathway. For this purpose, the mitochondrial targeting 
peptide (mTP) of AtGDH was replaced by a chloroplast targeting peptide (cTP).  
 
C3 plants will benefit from the novel glycolate pathway in two ways. Firstly, glycolate that is 
produced during photorespiration is metabolized inside the chloroplasts. Therefore, 
photorespiratory flow will be decreased and thus the energy loss during photorespiration is 
avoided. Secondly, the CO2 released during the novel glycolate pathway might be refixed 
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inside the chloroplast. This should result in increased photosynthesis and in turn higher 
biomass production. Thus, the novel pathway will suppress the photorespiratory pathway in 
C3 plants. Moreover, ammonia is not released during this pathway. Several crop species 
showed drastic increase in the photosynthetic performance when the external CO2 
concentration is doubled under greenhouse conditions (Kimball, 1983; Arp et al., 1998). 
However, this approach is not applicable to the huge areas used for agricultural production. 
On the other hand, the novel pathway increases the refixation of CO2 inside the chloroplast 
thus it will be applicable for agricultural production.  
 
4.3 Establishment of the novel glycolate pathway in N. tabacum plants 
 
The previous chapter describes the enzymes involved in the novel glycolate pathway (GCL, 
TSR and AtGDH). The next thing would be establishment of novel glycolate pathway inside 
the chloroplasts of N. tabacum. The foundation for the installation of novel pathway genes in 
N. tabacum has done before by generating GT transgenic plants (PhD thesis, Rafijul Bari, 
Institute for Biology I, RWTH Aachen). In order to complete the pathway inside tobacco 
chloroplasts, GT plants were transformed with a plasmid construct carrying chloroplast 
targeted glycolate dehydrogenase enzyme (generation of novel pathway transgenic plants are 
described in detail 3.2.1). In this chapter, the establishment of the novel pathway in N. 
tabacum plants with special reference to the structure of the used plant expression vectors will 
be discussed. The transgene expression, enzymatic assays and the phenotypic effects of the 
different transgenic plants will also be mentioned.  
 
The novel glycolate pathway genes were cloned into different plant expression vectors that 
contain a chloroplast targeting sequence (cTP). The expression of all foreign genes in the used 
plant expression vectors is under the control of a derivative of the constitutive CaMV 35S 
promoter. The used plant expression vectors contain a single 5` untranslated region (CHS) 
upstream to the cTP sequence and a polyadenylation-/termination sequence from CaMV 
(pA35S) downstream of the foreign genes as a 3`-UTR. This should help in stabilizing protein 
expression in transgenic plants (Staub and Maliga, 1994; Staub and Maliga, 1995; Bock and 
Hagemann, 2000) (pTRA-rbcS1-cTP). The two genes (GCL and TSR) in one expression 
vector are separated by a scaffold attachment region (SAR) as a transcription separator that 
will reduce the possible negative impacts of the first expression cassette onto the second 
(Padidam and Cao, 2001). The main aim of using these vectors is to get a high level of 
transgene expression under different growth conditions. However, the expression levels of 
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AtGDH in the successive generations were low compared to the first generation of GTA 
transgenic plants. This might be due to gene silencing, co-suppression effects and integration 
sites of the transgenes on the chromosomes  (Day et al., 2000; Plasterk and Ketting, 2000). 
The transgenes can be silenced at either the transcriptional or post-transcriptional level. 
Transcriptional silencing involves promoter methylation and structural changes in chromatin 
(Ye and Signer, 1996). Therefore, using the same promoter for controlling the transgene 
expression in the present study could be a reason for the lower expression levels of the 
transgenes. Post-transcriptional silencing results in a strong reduction of mRNA accumulation 
in the cytoplasm without significant changes in the rate of transcriptional initiation in the 
nucleus. It could affect the expression of transgenes and homologous host genes, a 
phenomenon referred to as co-suppression. Additionally, post-transcriptional silencing can 
also affect the expression of transgenes sharing no sequence homology with host genes 
(Elmayan et al., 1998; Mourrain et al., 2000). Therefore, the lower expression levels of GCL, 
TSR and AtGDH in successive generations might be due to transcriptional and/or post-
transcriptional silencing (i.e. promoter methylation and/or co-suppression, respectively). 
However, it is not clear whether the lower transgene expression is due to promoter 
methylation or co-suppression. Because of the lower expression levels of GCL, TSR and 
AtGDH in T3 and the other succeeding generations, T2 transgenic lines were selected for 
biochemical and physiological analysis. 
 
The expression of transgenes in plants transgenic for AtGDH, GTA and GT was mainly tested 
on the RNA level by Real Time RT-PCR. Plants transgenic for AtGDH and GTA showed 
varying expression levels of the respective genes (3.2.4 and 3.2.3). The enzymatic activities of 
GCL and TSR were tested in a coupled reaction according to (Gotto and Kornberg, 1961) with 
isolated chloroplasts extracts. Plants transgenic for GT showed a higher oxidation of NADH 
compared to the chloroplast extract from wild type in the presence of glyoxylate. Therefore, 
both enzymes are active inside the chloroplast (PhD thesis, Rafijul Bari, Institute for Biology 
I, RWTH Aachen). The enzymatic activities of AtGDH were tested using chloroplast extracts 
isolated from plants transgenic for AtGDH and GTA. GDH assay (Lord, 1972) was performed 
using both extracts (3.2.6). Presence of peroxisomal contaminations (presence of the plant 
glycolate oxidase) in the chloroplast preparation can interfere with the GDH assay results. 
This problem was overcome by performing the assay in the presence and absence of KCN 
since the peroxisomal glycolate oxidase is insensitive to cyanide. AtGDH oxidizes D (-)-
lactate preferentially over L (+)-lactate (properties of GO and AtGDH described in detail 
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1.2.2). Therefore, the D-LDH assay (Gutheil, 1998) was additionally performed with the same 
chloroplast extracts used for the GDH assay in the presence and absence of cyanide. The 
background observed in the GDH assay can be related to the presence of free glyoxylate in the 
chloroplast extract. Moreover, the background observed in the D-LDH assay can be due to the 
presence of other enzymes that use NADH as a cofactor that are insensitive to cyanide and 
therefore back ground effect is independent of substrate. Both assays (D-LDH and GDH) 
revealed that the AtGDH is active in vivo.  The activity of D-LDH and GDH assays are 
comparable with the chloroplast extracts of plants transgenic for AtGDH (3.2.7). The 
previously described GT enzymatic assays (NADH is used) and AtGDH assays (NADH 
produced) showed that the novel pathway enzymes are active in the chloroplasts of transgenic 
plants. 
 
Theoretically, it would be possible to couple assay for GT and AtGDH as extra NADH is 
produced during the novel glycolate pathway (described in detail in 3.1). For this couple 
assay, glycolate can be used as a substrate and NADH consumption is measured during 
reduction of tartronic semialdehyde. However, this could not be used for the activity of 
enzymes involved in novel pathway because of the presence of other enzymes which can use 
NADH as a cofactor during the reaction. Moreover, glyoxylate reductase present in the 
chloroplasts converts the glyoxylate to glycolate during glycolate/glyoxylate shuttle. 
Therefore, alternatively 14C-glycolate was offered to chloroplasts to know whether the genes 
of novel pathway are active or not in addition to individual enzymatic activity assays. This 
radiolabelling of glycolate also helps to analyze the metabolic route of the intermediates 
produced during the novel pathway. Radiolabelled glycolate was offered to chloroplasts 
extracts and the products from feeding process were characterized on 2D-TLC. Unfortunately, 
feeding of 14C-glycolate to chloroplast extracts was not successful as chloroplast extracts 
could not metabolize the radiolabelled glycolate (Information kindly provided by Rashad 
Kebeish and Markus Niessen, Institute for Biology I, RWTH Aachen). Thus, couple assay for 
GT and AtGDH and feeding of chloroplasts extracts with radiolabelled glycolate was 
excluded as individual enzymatic assays for GT and AtGDH showed that enzymes are active 
in vitro. Therefore, the enzymes involved in the novel pathway are active inside the 
chloroplasts of transgenic plants. In the next chapter, the phenotypic effects produced in 
transgenic plants due to the overexpression of novel pathway enzymes are discussed in detail. 
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Overexpression of GCL in plants expressing GT leads to chlorotic effects and yellowing of 
the plant leaves. The chlorotic effect in GT plants is due to high expression level of GCL and 
the phenotypic effect correlated with the expression level of GCL (PhD thesis, Rafijul Bari, 
Institute for Biology I, RWTH Aachen, Germany). Also, tobacco plants transgenic for GCL, 
TSR and cTP-AtGDH showed chlorotic effects. Obviously, the chlorotic effect in GTA plants 
is due to the overexpression of GCL. However, the plants transgenic for AtGDH did not show 
any phenotypic effect. There are two possibilities for the chlorotic effect of the transgenic 
plants expressing GCL gene in N. tabacum (1) Rubisco transit peptide might interfere with the 
import of necessary proteins because of the high amount of GCL protein expressed in the 
nucleus of transgenic plants and exported to the chloroplast or (2) the activity of the GCL 
enzyme causes metabolic changes in the chloroplast of transgenic plants that damage the 
chlorophyll. The first possibility is improbable, since transgenic plants expressing a similar 
level of the TSR and AtGDH genes did not show any chlorotic effect. One reason for the 
chlorotic effect in the transgenic plants can be that the GCL enzyme interferes with the 
glycolate-glyoxylate shuttle present between the chloroplast and peroxisomes of higher plants. 
Glyoxylate is converted to glycolate by glyoxylate reductase present in the chloroplasts of 
higher plants (Tolbert et al., 1970). From the chloroplast, glycolate exported to the 
peroxisomes and is oxidized to glyoxylate. A part of the glyoxylate returns to the chloroplast 
and converted to glycolate to complete the glycolate-glyoxylate shuttle. The glycolate-
glyoxylate shuttle between the two organelles provides a means for disposing of excess 
reducing power (NADPH) generated during photosynthesis in the chloroplast. So, it is 
possible that GCL enzyme uses the glyoxylate present in the chloroplast and converts it into 
tartronic semialdehyde that stops the glycolate-glyoxylate shuttle. Similarly, expression of 
PEPC and PCK (C4 pathway genes) in the chloroplasts of N. tabacum plants leads to severe 
chlorotic effects, although these enzymes are not related to glycolate metabolism. However, 
expression of the same genes in the A. thaliana chloroplasts did not induce any chlorotic 
effect (Information kindly provided by Teresa Sikora, Institute for Biology I, RWTH Aachen). 
The exact reason for this chlorotic effect in transgenic plants is unclear for us.  
 
Therefore, the next question was whether this novel pathway is functional in the transgenic 
plants or not. In the next chapter, various approaches that were used to understand the effect 
of the novel pathway are explained. 
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4.4 Influence of the novel glycolate pathway in the transgenic plants 
 
In order to check the efficiency of the novel pathway in the transgenic plants, a series of 
biochemical and physiological analyses were performed using AtGDH and GTA plants in 
addition to control plants expressing GCL and TSR and wild type tobacco plants. In this 
chapter, the three different approaches PIB, ammonia release and Gly /Ser ratio which were 
considered as markers of photorespiration will be explained. 
 
It was shown that when a C3 plant is exposed suddenly to darkness after a period of 
illumination, a momentary rapid outburst of CO2 occurs before the plant achieves a steady-
state dark respiration (Decker, 1959; Bulley and Tregunna, 1971; Atkin et al., 1998). This 
outburst increased highly under photorespiratory conditions (Decker, 1959). The CO2 outburst 
represents the amount of CO2 released in the plant mitochondria during photorespiration. 
Based on these observations, it was decided to measure the PIB from transgenic as well as 
wild type plants as a measure for the photorespiratory flow in these plants. AtGDH plants 
showed a lower CO2 release in their mitochondria compared to wild type plants as observed 
from PIB measurements (3.3.1). The decrease in the lower CO2 or photorespiratory flow is 
further enhanced by GTA plants expressing all enzymes of the novel pathway. The decrease 
in PIB values can be explained as follows. During photorespiration, phosphoglycolate is 
produced in the chloroplast as a result of Rubisco oxygenase activity. Phosphoglycolate is 
dephosphorylated by phosphoglycolate phosphatase forming glycolate. In plants transgenic 
for AtGDH and GTA, glycolate is oxidized inside the chloroplast forming glyoxylate. This 
will decrease the flow of glycolate into the photorespiratory pathway. Thus, the decrease in 
the PIB in plants transgenic for AtGDH and GTA was expected.  
 
Moreover, the second independent transgenic lines of AtGDH and GTA showed similar 
tendency for the decrease of photorespiratory flow in the mitochondria. This clearly shows 
that decrease in PIB values of these transgenic plants was not due to the integration sites of 
the transgenes but due to the overexpression of their respective genes. This could be explained 
as follows. In higher plants, the transforming DNA predominantly integrates by non-
homologous recombination during nuclear transformation. This results in generation of 
transgenic lines with different copy numbers of the transgene integrated at different positions 
of the genome (Bock and Hagemann, 2000). Suppose, if the targeted gene disrupts the part of 
genome involved in metabolism of photorespiration where it is integrated, then the decrease 
of the photorespiratory flow is due to disruption of the genes involved in photorespiration. 
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However, reduction of photorespiratory flow of two different independent transgenic lines 
rules out the possibility of the effect is due to integration site of respective genes. Therefore, 
the decrease of PIB values for AtGDH and GTA plants provides a strong evidence for the 
partial suppression of photorespiration in both genotypes. 
 
In another approach for measuring the rate of photorespiration, the ammonia released in the 
mitochondria during the conversion of glycine to serine was measured from transgenic plants. 
The accumulation of ammonia in plant leaf tissues is due to the inhibition of the GS-GOGAT 
cycle by the herbicide phosphinotricin present in the assay mix. Phosphinotricin is a glutamate 
analogue that irreversibly inhibits glutamine synthetase activity and as a result ammonia 
accumulates inside plant leaf tissues (Tachibana et al., 1986; Lacuesta et al., 1989; Wild and 
Ziegler, 1989). The ammonia accumulating in the leaf tissues diffuses into the surrounding 
medium where a colourimetric reaction indicates ammonium concentration (De Block et al., 
1995). As ammonia was not released by the novel glycolate pathway (described in detail in 
3.1), it was expected that plants transgenic for AtGDH and GTA should show less ammonia 
release than wild type counter parts. Plants transgenic for AtGDH and GTA showed more 
ammonia release compared to wild type counterparts under ambient conditions (3.3.4). 
However, the ammonia release differs in between individual plants and the ammonia release 
did not correlate with the expression of the AtGDH gene (data not shown). Under ambient 
conditions, the stomata are more open in case of plants transgenic for AtGDH and GTA. This 
could be supported by data from Fluorescence A/Ci curve that shows that plants transgenic for 
AtGDH and GTA have higher conductance and transpiration rates than wild type plants 
(Figure 3.14). Therefore, it was decided to measure ammonia release under photorespiratory 
conditions. However, there was no clear difference of ammonia release in all transgenic plants 
compared to wild type plants under photorespiratory conditions (Figure 3.14). The unexpected 
result might be due to the diffusion problem of ammonia to the medium from intercellular 
spaces. Under photorespiratory conditions (45ºC), stomata are closed and there was no further 
release of ammonia into the assay medium. Furthermore, the decrease of ammonia release for 
GT plants is not expected and is contradictory to the PIB results. Therefore, the ammonia 
assay can be excluded as a marker of photorespiration in this study due to the problem of 
diffusion through stomata.  
 
In another paper , it was suggested that the Gly/Ser ratio can be considered as a marker for the 
rate of photorespiration (Novitskaya et al., 2002). Gly/Ser ratio was measured from wheat and 
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potato plants under photorespiratory conditions and they found a clear correlation between 
Gly/Ser ratio and the rate of photorespiration. Therefore, the increase of Gly/Ser ratio during 
photorespiration is due to the oxygenase reaction of Rubisco in higher plants. The Gly/Ser 
ratio under ambient conditions was more or less similar in all transgenic plants.  Surprisingly, 
Gly/Ser ratio was decreased in all the transgenic plants (3.4.1) for unknown reasons under 
photorespiratory conditions. This was not expected and I could not get higher Gly/ Ser ratio 
with other wild type A. thaliana plant used as a control. This might be due to some unknown 
technical reasons. Therefore, this result can be excluded because of the lower Gly/Ser ratio in 
wild type N. tabacum plants under photorespiratory conditions compared to that of Gly/Ser 
ratio under ambient conditions. 
 
By comparing the above experiments used as markers for photorespiration, it was clear that 
measuring PIB was more reliable. From these data, it can be concluded that plants transgenic 
for AtGDH and GTA show reduced photorespiration compared to their wild type counterparts. 
In the next chapter, photosynthetic measurements using Fluorescence A/Ci curves including 
various biochemical, growth and metabolites analysis of plants transgenic for AtGDH and 
GTA will be discussed in detail. 
 
At the apparent CO2 compensation point, the amount of CO2 fixation by a plant equals the 
amount of CO2 released from the plant by photorespiration and respiration. Measurements of 
the apparent CO2 compensation point (Г) from N. tabacum plants transgenic for AtGDH and 
GTA plants revealed that both genotypes have lower CO2 compensation points compared to 
wild type and GT transgenic plants (3.3.2). If the Gamma is lower, then A has to be higher at 
low CO2 conditions. This increase in assimilation in plants transgenic for AtGDH and GTA 
under photorespiratory conditions (3.3.3) might be due to the reduced CO2 release from 
photorespiration and refixation of CO2 released from bacterial glycerate pathway inside the 
chloroplasts. 
 
The above described Fluorescence A/Ci curves also helps in determining the electron 
requirements for CO2 assimilation (e/A). The e/A ratio refer to the number of electrons needed 
to fix one CO2 molecule during photosynthesis. Under photorespiratory conditions, plants 
need more electrons to fix one molecule of CO2 because of the increased oxygenase activity 
of Rubisco. Therefore, e/A is therefore a helpful tool for measuring the rate of Rubisco 
oxygenation in plants. (Lipka et al., 1999). However, this is true only for wild type plants. In 
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case of AtGDH and GTA transgenic plants, Rubisco oxygenation should be higher under 
photorespiratory conditions. But, the photorespiratory flow is still lower because glycolate 
produced by oxygenase activity of Rubisco is metabolized by our transgenic lines. The plants 
transgenic for AtGDH and GTA showed lower e/A ratios compared to wild type plants under 
photorespiratory conditions (150, 100, 80 ppm of CO2) (3.3.4). This is mainly due to increase 
of assimilation (A) or photosynthesis of plants transgenic for AtGDH under low CO2 
concentrations compared to the wild type plants (data shown in 3.3.3). No clear differences in 
the e/A ratio in AtGDH and GTA plants were observed under ambient conditions. 
 
Additionally, metabolites measurements for AtGDH and GTA transgenic plants showed 
higher levels of glucose, fructose and sucrose and similar levels of starch compared to wild 
type plants under ambient conditions (3.4.3). Higher levels of glucose and fructose in AtGDH 
and GTA plants can be added to the positive significance of the novel pathway in transgenic 
plants. However, photosynthesis is feedback regulated by the accumulation of carbohydrates 
(increased hexose production) in leaves. Increasing the soluble sugars might delay the seed 
germination and stimulate the induction of flowering and senescence in some plant species. 
Higher sugar concentrations might stimulate the formation of adventitious roots in 
Arabidopsis and also increase the number of tubers formed by potatoes (Sun et al., 2005). 
Increasing the sucrose level might help in early flowering. Glucose stimulates senescence in 
combination with low concentrations of nitrogen (Gibson, 2005). However, early flowering 
was not observed in transgenic plants of AtGDH and GTA.  
 
Moreover, biomass measurements of the 3rd leaf from the top of the plants transgenic for 
AtGDH and GTA plants clearly showed increase of fresh and dry weights compared to wild 
type and control GT transgenic plants (3.51). There was no clear difference of growth 
observed when the plants were small.  If the plants were bigger, then the 3 rd leaf from the top 
was nearer to the light and the leaf showed the same distance form the light source in all the 
tested plants. Therefore, 3 rd leaf from the top of the plant was used to measure the fresh and 
dry weights. 
 
By considering the above experiments, it was clear plants transgenic for AtGDH and GTA 
showed accumulation of sugars. Moreover, these transgenic plants have better photosynthesis 
only at photorespiratory conditions.  
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Plants transgenic for AtGDH and GTA have similar levels of glyoxylate content compared to 
wild type plants under ambient conditions (3.4.2). In addition, there was no clear difference of 
in chlorophyll content in the transgenic plants when compared to wild type plants under 
ambient and photorespiratory conditions (3.4.4). Therefore, the novel glycolate pathway does 
not interfere with the basic metabolism of transgenic plants.   
 
Taken together, all the measured parameters showed that the novel glycolate pathway is able 
to partially suppress photorespiration with the increase of sugars and biomass in transgenic 
plants of AtGDH and GTA. Moreover, the novel pathway enhances the photosynthetic 
performance of plants transgenic for AtGDH and GTA under photorespiratory conditions. 
However, it seems that only glycolate dehydrogenase (AtGDH) alone is sufficient to suppress 
the photorespiration. Therefore, in the next chapter the influence of glycolate dehydrogenase 
expression in the chloroplasts of plants transgenic for AtGDH and GTA will be discussed. 
 
4.4.1 Influence of cTP-AtGDH expression in transgenic plants 
 
Expression of GCL and TSR together with the cTP-AtGDH in the plant chloroplasts enhances 
plant photosynthesis only under photorespiratory conditions and growth performance with a 
clear increase in the total fresh and dry weight of the 3rd leaf from the top of the transgenic 
plants. In addition, these plants need fewer electrons to fix one CO2 molecule than wild type 
plants. However, these effects were more significant in case of N. tabacum plants transgenic 
for AtGDH. Moreover, GT plants expressing the GCL and TSR genes of the novel pathway 
show none of these effects and resemble wild type plants (3.3). Therefore, it was clear that 
expression of a glycolate dehydrogenase in the plant chloroplast would be the reason for these 
effects. Plants transgenic for AtGDH did not show significant glyoxylate accumulation under 
ambient conditions compared to wild type plants (3.4.2). Therefore, it is important to 
understand how the produced glyoxylate is metabolized by the transgenic plants expressing 
AtGDH. The possible pathways of glyoxylate metabolism in plants were summarized by 
(Igamberdiev and Lea, 2002) (Figure 4.1). In the next chapter, only the reactions with possible 
relevance to plastidial glycolate oxidation will be discussed in more detail. 
 
The major part of glyoxylate metabolism is transamination of glyoxylate to form glycine in 
peroxisomes during the photorespiratory pathway (1.2.1) (reaction 4 in figure 4.1). However, 
glyoxylate is produced in the chloroplast and not in the peroxisomes in case of in plants 
transgenic for AtGDH. In the Arabidopsis genome, alanine/glyoxylate aminotransferases 
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(AGA-2; At1g72330) was identified (data kindly provided by Markus Nießen, Institute for 
Biology I, RWTH Aachen). A computer prediction program 
(http://www.cbs.dtu.dk/services/TargetP) has shown that the coding sequence of the first 46 
amino acids of AGA-2 could target the protein into the chloroplast as well as to mitochondria. 
Recently, alanine amino transferase similar to similar AGA-2 was characterized and 
expressed in medicago truncatula. However, the actual localization of this enzyme is still 
unknown. Assuming the presence of AGA-2 in the chloroplast of plants transgenic for 
AtGDH, Glyoxylate can be transaminated forming glycine and pyruvate. Glycine could be 
involved in protein synthesis and further metabolism of pyruvate in the chloroplast is not 
known. Integration of glyoxylate in reaction with AGA-2 in the chloroplast might account for 
the decrease in the photorespiratory flow plants transgenic for AtGDH. Therefore, less 
photorespiration means less consumption of reducing equivalents and so less energy required 
for net CO2 fixation. Thus, this pathway for metabolizing glyoxylate could explain the 
decrease in the e/A ratio in plants transgenic for AtGDH.  
 
In peroxisomes, glyoxylate decarboxylated to formate by nonenzymatic reaction with H2O2 
(reaction 5 in figure 4.1) (Grodzinski, 1979). However, H2O2 produced during the oxidation of 
glycolate to glyoxylate is directly hydrolyzed by a catalase present in the peroxisomes 
(Tolbert et al., 1968; Grodzinski, 1979; Leegood et al., 1995; Igamberdiev and Kleczkowski, 
1997; Igamberdiev et al., 2001). Glyoxylate reacts with H2O2 in nonenzymatic reaction and 
produce formate and CO2 in the chloroplasts of Eugelna (Yokota et al., 1985, Igamberdiev, 
2002). Therefore, similar glyoxylate decarboxylation to formate might occur in the 
chloroplasts of plants transgenic for AtGDH. Formate is further oxidized to CO2 by formate 
dehydrogenase (FDH) located in the chloroplasts (Herman et al., 2002). Formate can be used 
as a source of carbon for the biosynthesis of proteins, nucleic acids and other secondary 
metabolites. Decarboxylation of glyoxylate to formate can reduce the flow of carbon through 
the normal photorespiratory pathway (Igamberdiev, 1999; Wingler et al., 1999a). Thus, this 
pathway could explain the decrease of apparent compensation point and increase of 
photosynthetic performance at low CO2 concentrations. However, in plants transgenic for 
GTA, the glyoxylate produced by AtGDH is further metabolized to glycerate by the action of 
TSR and GCL with the release of one CO2 molecule, that should be fixed by Rubisco 
localized in the chloroplasts. Therefore, this pathway could explain the decrease of apparent 
compensation point in plants transgenic for GTA. 
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Figure 4.1 Diagrammatic representation of the pathways of glyoxylate metabolism in 
plants. 
Shown are the possible metabolic pathways of glyoxylate in plants.1= plants. Oxidation of glycolate 
by glycolate oxidase in peroxisomes; 2, 3 = Reduction of glyoxylate by NADPH-dependent glyoxylate 
reductase or by NADPH-dependent hydroxypyruvate reductase in the cytosol and by NADH-
dependent hydroxypyruvate reductase in peroxisomes; 4 = Transamination of glyoxylate to glycine; 5 
= Non-enzymatic conversion of glyoxylate by H2O2 to formate and CO2; 6 = Oxidation of glyoxylate 
to oxalate in the side reaction of glycolate oxidase; 7 = Synthesis of oxalyl-CoA; 8 = Formation of 
isocitrate in the synthase reaction of isocitrate lyase, in green leaves, this reaction may occur in the 
cytosol; 9 = Non-enzymatic formation of oxalomalate, a strong inhibitor of isocitrate dehydrogenase, 
following decarboxylation and formation of 2-oxo-4-hydroxyglutarate; 10 = Formation of malate in 
malate synthase reaction and 11 = Formation of tartronic semialdehyde by condensation of two 
glyoxylate molecules following decarboxylation (likely absent from higher plants). This figure was 
taken from (Igamberdiev and Lea, 2002). 
 
Glyoxylate can be reduced to glycolate (reactions 2 and 3 in Figure 4.1) by NADPH-
dependent glyoxylate reductase, or by NADPH dependent hydroxypyruvate reductase in the 
cytosol and by NADH-dependent hydroxypyruvate reductase in peroxisomes (Zelitch and 
Gotto, 1962; Kleczkowski and Edwards, 1989). Moreover, glyoxylate can be also reduced to 
glycolate in the chloroplast by NADPH dependent glyoxylate reductase (Tolbert et al., 1970). 
This pathway of metabolizing glyoxylate can be possible in plants transgenic for AtGDH since 
glyoxylate could be reduced by glyoxylate reductase in the chloroplast forming glycolate. 
Therefore, the glyoxylate reduction in chloroplasts helps only in the consumption of the 
excess photosynthetic reducing power (NADPH) in a glycolate/glyoxylate shuttle (Tolbert et 
al., 1970). However, this pathway could not explain the decrease in the photorespiratory flow 
observed in plants transgenic for AtGDH.  
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Glyoxylate can be integrated into the malate synthase pathway to form malate which in turn 
can be converted to pyruvate with the release of CO2 during senescence period of leaves 
(reaction 10 in figure 4.1). Metabolizing glyoxylate by this pathway could be possible in 
plants transgenic for AtGDH only if glyoxylate could be exported to the cytosol. Similarly, 
glyoxylate can be condensed with succinate in the cytosol in the reverse reaction of isocitrate 
lyase forming isocitrate that could be involved in the basic plant metabolism (Igamberdiev et 
al., 1986) (reaction 8 in figure 4.1). However, both of these pathways in cytosol could not 
explain the decrease of e/A ratio and CO2 compensation point observed in plants transgenic 
for AtGDH. 
 
Taken together, export of glyoxylate into the peroxisomes and/or the cytosol and its 
integration into all the previously described pathways (formation of formate, transamination 
of glyoxylate to glycine, malate synthase pathway and condensation with succinate) might be 
possible to take place in plants transgenic for AtGDH. However, most of these metabolic 
pathways of glyoxylate might only explain the reduction in the postillumination burst.  
 
In the previous chapters, various biochemical and physiological analyses of transgenic plants 
were discussed assuming that novel pathway was able to refix CO2 released during GCL 
reaction inside the chloroplasts. However, it might be possible that CO2 diffuses out of 
chloroplasts instead of refixing by Rubisco. In the next chapter, possible scenarios for the 
functioning of novel glycolate pathway concerning the diffusion of CO2 out of chloroplasts 
will be discussed in detail. 
 
4.5 Possible scenarios for the functioning of novel glycolate pathway 
 
As described before, Rubisco is a bifunctional enzyme and there is competition at the active 
site for CO2 and O2 molecules. Oxygen inhibition of photosynthesis is related to the kinetic 
properties of Rubisco. Generally, 21% oxygen (ambient) and 2% oxygen (CO2 saturated air) 
have been used in comparison studies on oxygen inhibition of photosynthesis. In C4 plants, 
the CO2 concentrating mechanism may increase the CO2/O2 ratio due to the decarboxylation 
of C4 acids (Ku and Edwards, 1977). Therefore, the percentage of inhibition in case of carbon 
concentrating mechanisms or refixation of CO2 inside the chloroplasts should be decreased. 
Recent experiments of oxygen inhibition curve showed no difference between wild type and 
transgenic GTDEF plants (expressing GCL, TSR and DEF) of A. thaliana. GTDEF (GCL, 
TSR and DEF) pathway resembles GTA pathways in having GCL and TSR except glycolate 
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dehydrogenase enzyme. Moreover, DEF (E. coli glycolate dehydrogenase) and AtGDH 
(properties are described in detail in 1.2.2) show similar biochemical and physiological 
properties. Therefore, it seems that the novel glycolate pathway is not able to concentrate CO2 
inside the chloroplasts rather CO2 diffuses out of the chloroplasts in A. thaliana. In this case, 
there are two possible scenarios that could explain the reasons for the suppression of 
photorespiration in case of transgenic plants. 
 
In scenario A, CO2 would be released by the novel glycolate pathway, but immediately 
diffuse from the chloroplast and would not be available for refixation by Rubisco. In case of 
plants overexpressing GTA this scenario has to be assumed, because CO2 is released from the 
GCL reaction of novel glycolate pathway. Glycolate is used by AtGDH of novel glycolate 
pathway and converted to glyoxylate which is further converted to glycerate with the release 
of CO2 inside the chloroplasts. Therefore, there is no CO2 release in the peroxisomes from 
photorespiratory pathway. If the CO2 released by GCL is not refixed efficiently by Rubisco, it 
does not matter whether it comes form the chloroplast or the mitochondria. Therefore, this 
pathway could explain the decrease of PIB or photorespiratory flow for the plants transgenic 
for GTA. 
 
 In scenario B, there would be no CO2 release by the novel glycolate pathway inside the 
chloroplasts. This scenario has to be assumed in plants transgenic for AtGDH because of no 
CO2 release. Similar to the above described scenario, glycolate is converted to glyoxylate by 
glycolate dehydrogenase inside the chloroplasts. In this case, no CO2 is released as GT would 
not be functional. Therefore, scenario B could explain the decrease of PIB in case of plants 
transgenic for AtGDH.  
 
At the apparent CO2 compensation point, the CO2 fixed during photosynthesis equals to the 
CO2 released during the process of photorespiration and respiration. It was considered that at 
the compensation point, concentration of CO2 in the chloroplasts, mitochondria and cytoplasm 
are same. In case of scenario A (GTA pathway), there is reduced CO2 release from 
photorespiration that might be compensated by CO2 release from the novel glycolate pathway 
inside the chloroplasts. Therefore, the apparent compensation point should not change in case 
of GTA plants. However, GTA plants showed reduced gamma (Г) compared to wild type 
plants. In case of scenario B (AtGDH pathway), there is reduced CO2 release from 
photorespiration and therefore decrease of apparent compensation point. Therefore, this 
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pathway could explain the decrease of apparent compensation point in plants transgenic for 
AtGDH. 
 
During the process of photorespiration, plants loose around one-quarter of carbon from 
glycolate and also one molecule of ammonia inside the mitochondria. The released ammonia 
has to be fixed by the GO-GAT pathway that requires energy.  The novel glycolate pathway 
does not release ammonia and produces extra reducing power 0.5 NADPH per one molecule 
of glycolate. In case of scenario A (GTA pathway), an extra 0.5 NAD(P)H molecule is 
produced. In case of scenario B (AtGDH pathway), an extra one molecule of NAD(P)H was 
produced during the oxidation of glycolate to glyoxylate inside the chloroplasts. Therefore, 
the higher biomass or better growth performance of plants transgenic for GTA and AtGDH 
can be due to absence of ammonia release and excess of energy production.  
 
Photosynthesis equals to photorespiration at apparent compensation point; therefore less 
photorespiration means higher assimilation rate (A). Moreover, the novel glycolate pathway 
works better under photorespiratory conditions as the glycolate (glycolate is used as a 
substrate for novel pathway) production increased due to oxygenase activity of Rubisco. This 
could explain the better photosynthetic performance of transgenic plants in both scenarios 
under photorespiratory conditions.  
 
Regeneration of RuBP is essential for continuity of Calvin cycle. Three enzymes 
sedoheptulose-1,7-bisphosphatase (SBPase), transketolase and aldolase and  cytochrome b/f 
(cyt b/f) complex in the electron transport chain have been identified as important control 
points for the regeneration of RuBP (Raines, 2006). Furthermore, over-expression of either a 
bifunctional SBPase/fructose-1,6 bisphosphatase (FBPase) or plant SBPase in tobacco plants 
results in an increased photosynthetic CO2 fixation leading to high yield under saturating CO2 
conditions (Miyagawa et al., 2001,Lefebvre, 2005). Generally, 1/6 of CO2 fixed by Rubisco 
used for production of photosynthetic storage products like starch and sucrose but remaining 
5/6 should be used for regeneration of RuBP. However, in case of both the scenarios 
described for the metabolism of glyoxylate in transgenic plants overexpressing A and GTA, 
RuBP is used up and not regenerated. Therefore, there is no connection for increase of sugars 
in case of scenario A, although glycerate is produced as an end product of the novel glycolate 
pathway that should be integrated to Calvin cycle. However, it might be possible in case of 
scenario B. The glyoxylate might be transaminated to glycine in the chloroplasts and might be 
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involved in the integration of aminoacid metabolism. Simultaneously, pyruvate is produced 
along with glycine during transamination of glyoxylate with alanine by aminotransferases 
localized in the chloroplasts. Pyruvate is converted to alanine by aminotransferases which 
again donates amino group to glyoxylate for recycling of the pyruvate. This pyruvate and 
alanine cycle might resemble the glutamate and α-ketoglutarate of the GO-GAT cycle. 
However, the exact mechanism of increase of sugars is not clear at the moment. 
 
Therefore, scenario A would fit to GTA pathway and scenario B to AtGDH pathway even if 
CO2 is not refixed or concentrated inside the chloroplasts. This means partial suppression of 
photorespiration might be sufficient to increase the photosynthetic performance of transgenic 
plants.  
 
4.6 Future work 
 
In the current study, transgenic N. tabacum plants expressing novel glycolate pathway genes 
inside the chloroplast were generated. The enzymatic activity assays showed that all the 
enzymes involved in the novel pathways are active in vivo. The biochemical analysis of the 
plants transgenic for AtGDH and GTA has shown that there is a clear reduction of 
photorespiratory flow. Moreover, the photosynthetic performance of these transgenic plants is 
better than that of wild type plants under photorespiratory conditions. Additionally, these 
plants showed increased levels of sugars, end products of photosynthesis. However, there are 
still few questions regarding the mechanism of novel pathway has to be answered. Firstly, it is 
highly essential to perform oxygen inhibition experiments with transgenic plants to 
understand the functioning of the novel pathway inside the chloroplasts. Secondly, it is 
important to study the incorporation of the intermediates produced during novel pathway 
(such as glyoxylate) and its integration in the regulation of the various metabolic processes. 
Thirdly, it is important to analyze the reasons for the increase of assimilation rate in 
transgenic plants under photorespiratory conditions and also measure the sugars levels under 
photorespiratory conditions. 
 
The next question would be whether the novel pathway functionally works in crop plants such 
Rice and wheat? For this, the novel pathway has to be transferred to Rice plants and 
transgenic lines expressing all the necessary genes for the novel pathway in the chloroplast 
should be generated. Finally, the productivity of the transgenic plants should be checked 
under photorespiratory conditions compared to control plants. It is also important to use 
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another promoter for controlling the transgene expression in crop plants. Perhaps, the novel 
pathway might be more significant for the plants when the necessary enzymes are expressed 
at the time of need. Thus, a promoter that induces expression under low CO2 conditions, or 
other promoters that work only in illuminated parts of the plant can be used instead of the 
p35S promoter.  
 
4.7 Influence of endogenous AtGDH expression in the mitochondria of A. 
thaliana 
 
As described before, the novel glycolate pathway aims to suppress photorespiration and 
enhance photosynthesis in N. tabacum plants. For this purpose, glycolate dehydrogenase 
(AtGDH from A. thaliana) was used to divert a part of the glycolate produced in the 
chloroplasts during photorespiration. AtGDH resembles algal glycolate dehydrogenases in its 
properties and is localized in mitochondria (properties of AtGDH are described in detail in the 
introduction chapter). Glycolate dehydrogenase is present in mitochondria of chlorophycean 
algae and produces glyoxylate from glycolate. The glyoxylate is further metabolized to 
glycine in the mitochondrion and afterwards by different pathways to glycerate, serine or 
related compounds (Winkler and Stabenau, 1992; Igamberdiev and Lea, 2002). This pathway 
is part of the algal photorespiration. Presence of a glycolate oxidizing enzyme (AtGDH) in the 
mitochondria of A. thaliana plants (Bari et al., 2004) supports the hypothesis that a second 
photorespiratory pathway is present in the mitochondrion of higher plants. The present work 
describes the optimization of mitochondrial isolation that was employed to understand the 
function of endogenous AtGDH in A. thaliana plants. The aim of this work is to know 
whether AtGDH is active in vivo in the mitochondria of A. thaliana plants. 
 
Brassica oleracea botrytis (Cauliflower) was used as a starting material to optimize the 
mitochondria isolation procedure in our lab (2.2.6.1). Fumarase and catalase enzymatic 
activity assays were used as markers for the presence of organelles, mitochondria and 
peroxisomes (Figure 3.21). The mitochondria isolated from Brassica oleracea botrytis were 
enriched to a purity of 98 % relative to plastid contamination by two step percoll gradient step 
and were always found at the bottom fraction (Figure 3.23). At the same time peroxisomes 
were also enriched to a purity of 96% and found in the upper part of the gradient. Later, a 
single step gradient procedure was developed based on this method and mitochondria and 
peroxisomes were enriched to 95% purity from A. thaliana leaf material (Figure 3.24). Thus, 
single step gradient centrifugation was efficient to enrich the mitochondrial fraction. This 
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highly enriched mitochondrial fraction helps in differentiating the GDH activity that comes 
from peroxisomal GO. Therefore, this method was employed to test the endogenous AtGDH 
activity in the mitochondria of A. thaliana plants. 
 
The main photorespiratory and hypothetical alternate photorespiratory pathways can be 
described as follows (Figure 4.2). Glycolate is produced as a product of photorespiration 
inside the chloroplasts due to the oxygenase activity of Rubisco. In case of higher plants, 
glycolate is exported to peroxisomes and converted to glyoxylate in an oxygen dependent 
manner by glycolate oxidase (GO). Glyoxylate is further converted to glycine and serine with 
loss of carbon dioxide and ammonia inside the mitochondria. This represents the main 
photorespiratory pathway (Figure 4.2, described in detail in 1.2.1). However, part of glycolate 
from chloroplasts transported to mitochondria where it is converted to glyoxylate by glycolate 
dehydrogenase. Glyoxylate is further metabolized to glycine and serine and this is part of the 
algal photorespiratory pathway (Figure 4.2). This was considered as alternate pathway of 
photorespiration that occurs in mitochondria in addition to the main photorespiratory pathway 
of peroxisomes. However, in case of higher plants, the further metabolism of glyoxylate via 
the alternate pathway is not known. AtGDH resembles E. coli glycolate dehydrogenase in its 
properties uses glycolate as a substrate and is cyanide sensitive. The GDH assay of wild type 
showed that AtGDH was able to convert glycolate to glyoxylate and is therefore active in vivo 
in the mitochondria of wild type A. thaliana (Figure 3.26). In case of the N-50 AtGDH mutant, 
conversion of glycolate to glyoxylate does not occur. This GDH activity for AtGDH from 
enriched mitochondrial fractions of wild type A. thaliana shows the conservation of algal 
photorespiratory pathway in higher plants. However, GDH mutants of chlamydomonas are not 
viable under ambient conditions in contrast to A. thaliana which are viable at ambient 
conditions. Therefore, higher plants have developed another mechanism (main 
photorespiratory pathway) to survive under ambient condition during evolution. 
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Figure 4.2 Simplified diagram showing main and hypothetical alternate 
photorespiratory pathways in higher plants 
GO = Glycolate oxidase; AtGDH = Glycolate dehydrogenase from Arabidopsis thaliana; AGA = 
Amino transferase. The main pathway involves peroxisomes and mitochondria as described in detail in 
(1.2.1). The alternate pathway resembles the algal mitochondrial glycolate pathway (1.2.2). 
 
In E.coli, Euglena and chlorophycean algae glycolate is excreted to large extent under 
photorespiratory conditions (Colman et al., 1974; Yokota and Kitaoka, 1979; Stabenau and 
Winkler, 2005). Therefore, this alternate pathway might function better under 
photorespiratory conditions. This could be supported by an increase of the GDH activity of 
AtGDH to two folds when the A. thaliana plants were shifted to photorespiratory conditions 
(100 ppm CO2) (Figure 3.27). This clearly shows that low CO2 has an influence on the 
expression of AtGDH. Moreover, RNA level of endogenous AtGDH was accumulated to two 
folds in wild type A. thaliana plants under photorespiratory conditions (Information kindly 
provided by Markus Niessen, Institute for Biology I, RWTH Aachen). This result correlated 
with an increase in the activity of endogenous AtGDH in the mitochondria by growing the A. 
thaliana plants under low CO2 (100 ppm) conditions. By combining the expression level data 
with the GDH activity data, it is clear that AtGDH is induced under photorespiratory 
conditions. In addition, homozygous AtGDH mutant lines N-50 and N-52 showed a decrease 
of CO2 release (PIB) in the mitochondria. Similarly, the mutant plants showed a clear 
reduction of the Gly/Ser ratio under photorespiratory conditions (Information provided by 
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Markus Niessen, Institute for Biology I, RWTH Aachen). Taken together, the above data 
showing a reduction of photorespiratory flow and Gly/Ser ratio and an increase of AtGDH 
activity under photorespiratory conditions support the existence of alternate photorespiratory 
pathway.  
 
4.8 Future work 
 
The presence of a glycolate oxidizing enzyme (AtGDH) in the mitochondria of A. thaliana 
plants (Bari et al., 2004), supports the hypothesis that a second photorespiratory pathway 
exists in the mitochondrion of higher plants. Glyoxylate produced in the plant mitochondria 
by AtGDH might be involved in transamination reactions including alanine, serine or 
glutamate to form glycine. (Liepman and Olsen, 2001; Liepman and Olsen, 2003) have 
identified several glyoxylate aminotransferases that were present in plant peroxisomes. Our 
group is currently working on a project for identification of the aminotransferases localized in 
the mitochondria of plant cells (Markus Niessen and Norma Stabler, Institute for Biology I, 
RWTH Aachen). Therefore, AtGDH together with the mitochondrial targeted 
aminotransferase might provide a new evidence for the presence of an alternative 
photorespiratory pathway (Figure 4.1) in higher plants. 
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5 List of abbreviations 
 
Abbreviation Full form 
2D-TLC Two dimension- thin layer chromatography 
A gene cTP-AtGDH 
Amp Ampicillin 
APS Ammonium persulfate 
A. thaliana Arabidopsis thaliana  
AtGDH Arabidopsis thaliana glycolate dehydrogenase 
ATP Adenosine triphosphate 
AtGDH plants N. tabacum plants expressing cTP-AtGDH 
bla β--lactamase gene for selection in bacteria (ampicillin/carbenicillin 
resistance). 
bps Base pairs 
BSA Bovine serum albumin 
BSC Bundle sheath cell 
C2-cycle Photorespiratory cycle (2 Carbon cycle) 
C3-cycle Benson calvin cycle (3 Carbon cycle) 
C4-cycle C4-like CO2 assimilation pathway 
Ca The external CO2 concentration outside plant leaf 
CA Carbonic anhydrase 
CAT Catalase 
CAM Crassulacean acid metabolism 
CaMV Cauliflower mosaic virus 
Carb Carbenicillin 
cDNA Complementary DNA 
Ci The internal CO2 concentration inside plant leaf 
cTP-AtGDH Arabidopsis thaliana glycolate dehydrogenase w/o mTP fused to 
chloroplast targeting peptide 
DCIP 2,6 dichlorophenolindophenol sodium salt 
D-LDH D(+)-lactate dehydrogenase 
DNA Deoxyribonucleic acid 
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dNTP Deoxyribonucleoside triphosphate 
DTT Dithiothreitol 
EcGDH E. coli glycolate dehydrogenase 
EDTA Ethylene diamine tetraacetic acid 
G3P Glyceraldehyde-3-phosphate 
GCL Glyoxylate carboxyligase 
GC/MS Gas Chromatography/Mass Spectromrtry 
GDC Glycine decarboxylase 
GDC/SHMT Glycine decarboxylase/serine hydroxymethyl transferase 
GDH Glycolate dehydrogenase 
GGAT Glutamate:glyoxylate aminotransferase 
GK Glycerate kinase 
GlcD Coding sequence for the D subunit of glycolate dehydrogenase in E. coli 
GlcE Coding sequence for the E subunit of glycolate dehydrogenase in E. coli 
GlcF Coding sequence for the F subunit of glycolate dehydrogenase in E. coli 
Gly Glycin 
GOGAT Glutamate:glyoxylate aminotransferase 
GOX Glycolate oxidase 
GS Glutamine synthetase 
GT plants N. tabacum plants expressing GCL and TSR  
GTA  plants N. tabacum plants expressing GCL, TSR and cTP-AtGDH  
h Hour 
HCO3- Bicarbonate 
HEPES N-2-hydroxyethylpiperazine-N´-2-ethanesulfonic acid 
His The coding sequence for His-tag protein 
HPR Hydroxypyruvate reductase 
Hyg The coding sequence, which confers resistance to hygromycin 
IPTG Isopropyl-β-D-thiogalactoside 
Kan Kanamycin 
kb Kilobase pair 
kDa Kilodalton 
LB medium Luria Bertani medium 
LCF Leaf chamber fluorometer 
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MC Mesophyll cell 
ME Malic enzyme 
min Minute 
MOPS 3-(N-morpholino) propane sulfonic acid 
mRNA Messenger RNA 
MS medium Murashige and Skoog Basal medium   
mTP Mitochondrial targeting peptide 
NAD-ME NAD-malic enzyme 
NAD+/NADH Nicotinamide adenine dinucleotide (oxidized/reduced form) 
NADP+/NADPH Nicotinamide adenine dinucleotide phosphate (oxidized/reduced form) 
NPtII Neomycin phosphotransferase type II that confers resistance to 
aminoglycoside antibiotics (i.e. kanamycin and neomycin) and was used 
for selection of transgenic plants in axenic culture. 
OAA Oxalo acetic acid 
OD Optical density 
p35SS/pA35S Promotor (duplication) and Polyadenylation-/Termination sequence from 
CaMV 
PAnos Polyadenylation promoter of Nopaline synthetase gene from 
A.tumefaciens 
PAT The coding sequence, which confers resistance to phosphinotricin 
PCK Phosphoenolpyruvate carboxykinase 
pCO2 Partial pressure of CO2 
PCR Polymerase chain reaction 
PCR-cycle Photosynthetic carbon reduction cycle 
PEPC Phosphoenolpyruvate carboxylase 
PEP-CK Phosphoenolpyruvate carboxykinase 
PFD Photon flux density 
PG Phosphoglycolate 
PGA Phosphoglycerate 
PGP Phosphoglycolate phosphatase 
PIB Postillumination burst 
PMS Phenazine methosulfate 
Pnos Promoter of Nopaline synthase gene from A. tumefaciens. 
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PPDK Pyruvate-orthophosphate dikinase 
PTGS Post-transcriptional gene silence 
PYR Pyruvate 
rbcS1-cTP Transit peptide of the small subunit of Rubisco from potato. The 
sequence was derived from gi 21562 (gene rbcs1) 
Rif Rifampicin 
Rn Leaf dark respiration 
RNA Ribonucleic acid 
rpm Rotation per minute 
RT Reverse transcriptase 
RT-PCR Reverse transcriptase-polymerase chain reaction 
Rubisco Ribulose 1,5 bisphosphate carboxylase/oxygenase 
RuBP Ribulose 1, 5 bisphosphate 
SAR Scaffold Attachment Region from the tobacco RB7 gene (gi U67919). 
SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
sec Second 
Ser Serine 
SGAT Serine:glutamate aminotransferase 
Sul The coding sequence, which confers resistance to sulfadiazine 
TEMED N, N, N´, N´-tetramethyl ethylene diamine 
TLC Thin layer chromatography 
TPP Thiamine pyrophosphate 
TSR Tartronic semialdehyde reductase 
U Unit 
UV Ultraviolet 
vol Volume 
v/v Volume per volume 
w/v Weight per volume 
WT Wild type 
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